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Abstract 
 
The rare earth elements (REEs) are a group of elements consisting of the lanthanides 
(lanthanum to lutetium) plus scandium and yttrium; the last two typically being included in 
this group due to their common co-occurrence with the lanthanides in many ore deposits. 
This group of elements is of strategic importance due to their use in high-end technologies. In 
terms of mineral resources 95% of the total rare earths occur in three primary minerals; 
bastnaesite [(Ce, La)CO3F], monazite [(Ce, La)PO4] and xenotime (YPO4) which are hosted 
in a broad range of deposit types such as carbonatites, iron oxide-copper-gold-uranium 
(IOGC), hydrothermal, laterites, phosphorites and heavy mineral sands.  
 
Currently there is significant interest in the exploitation of supergene rare earth bearing 
lateritic deposits derived from weathered carbonatites with several of these deposits located 
in Australia, Brazil, China, Russia and USA. However, the beneficiation and recovery of rare 
earth ores from these deposits, in which iron oxides in their various forms constitute the 
major gangue, is a challenge due to the mineralogical and textural complexities of mineral 
values and gangue alike; additional rare earth minerals and gangue such as hematite and 
goethite, exhibit similar physical and physico-chemical properties. Therefore, a number of 
these deposits have long defied conventional mineral beneficiation routes and are thus 
considered refractory. Importantly, in the case of the majority of these ores, the iron content 
is high enough (25-30%), that they can be classified as low-grade iron ore deposits in their 
own right. Therefore, past processes (both conventional and unconventional) that have been 
researched for the beneficiation of low grade, refractory iron ores may be potentially 
applicable towards beneficiation of iron-enriched rare earth ores. A survey of the literature 
indicated that pyrometallurgical processes which convert iron to a form more amenable to 
physical separation were suitable for the beneficiation of fine-grained iron ores and these 
processes had also been successfully adapted towards processing of iron-enriched rare earth 
ores, particularly those arising from the Bayan Obo Fe-REE-Nb deposit of Inner Mongolia, 
China.  
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In the present study, detailed characterisation of a lateritic rare earth ore was carried out to 
determine the rare earth and gangue mineralogy; the mode of occurrence and distribution of 
rare earths and gangue species in the ore; and how this may impact mineral beneficiation. 
Monazite was the primary rare earth bearing mineral identified whilst florencite was of 
secondary importance. Gangue minerals identified in order of decreasing abundance were 
goethite, fluorapatite and dolomite. The particle size distribution of the crushed ore showed 
that it consisted primarily of fine and ultra-fine particles below 38 μm with the rare earths and 
iron distributing to the finer size fractions. Microstructural characterisation of the rare earth 
minerals via QEMSCAN and SEM showed that they were fine-grained and occurred as 
polycrystalline aggregates or were finely disseminated in gangue. Based on the 
characterisation of the lateritic rare-earth ore, potential processing options were considered 
and magnetising roasting-magnetic separation was selected as a suitable process that merits 
further research towards beneficiating the rare-earths.     
 
Reduction roasting tests were carried out using sub-bituminous coal as a reductant to 
investigate the factors influencing goethite to magnetite conversion. The effect of 
temperature, time and reductant addition on magnetite conversion; and the optimal conditions 
which resulted in complete conversion of goethite to magnetite were determined through the 
use of satmagan and X-ray diffraction. Roasting temperature and coal addition were found to 
have the greatest influence on goethite to magnetite conversion. The relationship between 
these two variables was however inverse with higher temperatures requiring less coal for 
goethite reduction to magnetite. Despite the lower coal requirement at temperatures above 
650°C, magnetite was not stable above this temperature and readily underwent further 
reduction to form wüstite which was undesirable. For this particular ore, optimal roasting 
conditions were determined to be a roasting temperature of 600 - 650°C with the addition 10 
– 20 wt% coal in the mixture and a roasting time of 90 min. The primary rare earth mineral in 
the ore, monazite, was found to be thermally stable whilst florencite underwent thermal 
decomposition which resulted in an increase in monazite grade of the roasted ore product. 
 
Based on the aforementioned optimal roasting conditions that were determined from static 
bed roasting tests, the feasibility of magnetically separating iron oxides from a reduction 
roasted lateritic rare earth ore was explored. The influence of magnetic field strength and feed 
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particle size on magnetic separation of iron from the roasted ore was studied using a Davis 
Tube Tester and chemical and mineralogical analysis of the rougher magnetic concentrates 
and tails was evaluated. Application of a magnetic field strength at or above 0.2 T was 
successful in removing iron to the concentrate though this was accompanied by significant 
losses of rare earths to the magnetic fraction. Microstructural characterisation of the magnetic 
concentrates revealed that rare earth losses were due a combination of – insufficient 
liberation; presence of iron oxide coatings on mineral surfaces; and heteroflocculation. The 
findings of this study provided significant strategies towards optimising reduction roasting 
and magnetic separation in maximising iron removal and minimising rare earth losses, 
therefore proving the potential viability of reduction-roasting-magnetic separation process to 
beneficiate rare earths from a lateritic rare earth ore. 
 
 
 
 
   
 
 
Chapter 1: 
Introduction and literature review 
 
 
 
 
 
 
 
The following chapter presents a detailed case study of the application of ferrous 
pyrometallurgy to the beneficiation of rare earth ores in which iron oxides in their various 
forms constitute the major gangue (Fe-REE ores). The physical beneficiation of these ores for 
recovery of rare earth minerals is challenging due to the complex mineralogical and textural 
characteristics and very fine grain size of the mineral values and gangue, making this class of 
ores refractory to conventional mineral dressing processes. A large number of such deposits 
exist and are located in Australia, Brazil, China, Russia and USA. For many of these ores the 
iron content is high enough that they can be classified as low grade iron ores and 
pyrometallurgical processes that have been researched in the past for the beneficiation of low 
grade, refractory iron ores may be applicable to processing of this class of rare earth ores. The 
majority of research conducted on pyrometallurgical processing of Fe-REE ores has been 
performed on the Bayan Obo Fe-REE-Nb deposit of Inner Mongolia, China and research 
outside of China is severely limited and as such the amenability of these processes for 
treatment of Fe-REE ores outside of China is largely unknown. The scope of the project, 
specific aims of the thesis and specific research questions are presented at the end of this 
chapter.  
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1.1. Introduction 
 
The rare earth elements (REEs) comprise a group of seventeen elements; fifteen lanthanides 
(lanthanum to lutetium) plus scandium and yttrium. Scandium and yttrium are included in the 
lanthanides group owing to their similar chemical and physical properties resulting in their 
common co-occurrence with the lanthanides in many ore deposits (Jaireth et al., 2014). The 
largest end uses of REEs are in permanent magnets (neodymium-iron-boron and samarium-
cobalt) which find use in wind turbines and electric vehicles, rechargeable batteries (nickel-
metal hydride batteries), catalysts (petroleum cracking catalysts, catalytic converters), 
ceramics, phosphors, metal alloys (Krishnamurthy and Gupta, 2004; Lucas et al., 2014; Xie et 
al., 2014) and polishing powders (Humphries, 2012; Lucas et al., 2014). Over the past two 
decades, the global demand for REEs has increased significantly in line with their expansion 
into high-end technology, environment and economic areas (Hoatson et al., 2011). 
 
Rare earths do not occur naturally as metallic elements but are present in a wide range of 
mineral types including oxides, carbonates, halides, phosphates and silicates (Table 1.1). 
Around 200 minerals are known to contain REEs although only a relatively small number are 
commercially significant. In terms of mineral resources 95 % of the total rare earths are 
contained in the three minerals; bastnaesite [(Ce, La)CO3F], monazite [(Ce, La)PO4] and 
xenotime (YPO4), with other less common minerals and ion adsorption clays making up the 
balance (Krishnamurthy and Gupta, 2004). Total reserves of rare earths in the world are 
approximately 130 million metric tonnes (oxide basis) with 50% of the reserves located in 
China (USGS, 2016). The balance of global rare earth resources are located in the 
Commonwealth of Independent States (CIS), Brazil, Vietnam, India and Australia. The 
current supply base of  REEs is dominated by China (Jaireth et al., 2014), which controls 
over 90% of world rare earth production (Haque et al., 2014; Kanazawa and Kamitani, 2006).  
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Table 1.1: A selection of commonly occurring REE-bearing minerals listed in order of 
estimated REO content. 
 
Mineral
1
 Formula Approximate 
REOT wt% 
Major deposit type 
Bastnaesite REE(CO3)F 53-79 Carbonatite, Hydrothermal 
metasomatic 
Monazite (REE,Ca,Sr,Th)(P,Si)O4 38-71 Carbonatite, Hydrothermal 
metasomatic, Laterite, Placer, 
Fe-oxide-apatite, 
Xenotime (REE,Zr)(P,Si)O4 43-65 Granite pegmatite, 
Hydrothermal metasomatic, 
Laterite, Placer 
Parisite Ca(REE)2(CO3)3(F,OH)2 58-63 Carbonatite, Hydrothermal 
metasomatic 
Fergusonite REENbO4 43-52 Granite pegmatite, 
Hydrothermal metasomatic, 
Synchysite CaREE(CO3)2F 48-52 Carbonatite, Hydrothermal 
metasomatic of carbonatite and 
granite 
Ba-REE 
fluorocarbonates
2
 
BaxREEy(CO3)x+yFy 22-40 Hydrothermal metasomatic, 
Carbonatite 
Churchite REEPO4.2H2O 43-56 Laterite 
 
 
1 Other RE minerals referred to in the text include: aeschynite, REE(Ti,Nb)2O6; fersmite,(Ca, REE, Na)(Nb, Ta, 
Ti)2(O, OH, F)6; allanite, (Ca, REE)2(Al2Fe
2+
)3(SiO4)3(OH)  
 
2 Includes huanghoite (x=y=1), zhonghuacerite (x=2, y=1), and cebaite (x=3, y=2) 
 
Rare earth elements occur in a broad range of deposit types (Table 1.2) yet rarely are these 
deposits mined exclusively for their rare earth inventory; exceptions include Mountain Pass, 
Mount Weld and ion adsorption clay deposits in Jiangxi Province, China. In general, rare 
earths are usually recovered as concentrates produced as a by-product of other mineral 
processing operations. For example the Bayan Obo Fe-REE-Nb deposit is China’s largest 
iron ore mine with iron ore reserves in excess of 1 billion metric tonnes (Krishnamurthy and 
Gupta, 2004). The deposit is also the world’s largest resource of rare earths having an 
average rare earth oxide content of 6.19 wt % (Krishnamurthy and Gupta, 2004) with 
reserves in excess of 100 million tonnes (oxide basis) (Smith et al., 2000). Although the 
deposit is high grade, rare earths are only recovered as a by-product of iron ore mining and 
processing operations (Humphries, 2012; Kanazawa and Kamitani, 2006). The rare earth 
beneficiation operation is influenced by the requirement to generate a high grade iron product 
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(Castor and Hedrick, 2006; Li and Yang, 2014) and overall resource utilisation is poor with 
respect to rare earth recovery (16.8% recovery - Qiu et al. (2016). The rare earth recovery is 
exacerbated by a mineralogically and texturally complex ore with fine dissemination of 
mineral values and poor separability from gangue (Gao et al., 2010b; Li and Yang, 2014). 
 
Table 1.2: Types and examples of rare earth deposits, rare earth mineralogy and 
associated gangue present. Adapted from (BGS, 2011) and (Hoatson et al., 2011) 
 
Deposit type Example deposit REE mineralogy Gangue mineralogy 
Carbonatite 
Mountain Pass, 
USA 
Bastnaesite Calcite, dolomite, barite 
Associated with 
alkaline igneous rocks 
Thor Lake, Canada
1
 
Zircon, fergusonite, 
allanite, monazite, 
bastnaesite, synchysite 
Quartz, K-feldspar, 
plagioclase, biotite, Fe-
oxides 
Iron oxide-copper-gold 
Olympic Dam, 
South Australia 
Bastnaesite, florencite, 
monazite, xenotime 
Hematite, quartz, copper 
sulphides, fluorite, barite, 
siderite 
Hydrothermal 
Metasomatic 
Nolans Bore, 
Northern Territory, 
Australia 
monazite, cheralite, 
apatite, bastnaesite, 
allanite
 
Apatite, kaolinite, quartz, 
calcium silicates 
Heavy mineral sands 
(Placer) 
Eneabba, Western 
Australia 
Monazite, xenotime Zircon, rutile, ilmenite 
Laterites – associated 
with carbonatites 
Mt Weld, Western 
Australia 
Monazite, crandallite, 
florencite, 
rhabdophane, cerianite, 
churchite
 
Goethite, hematite, 
apatite, dolomite, clays, 
silicates 
Ion adsorption clays 
Guangdong, 
Southern China 
REE cations adsorbed 
onto clays such as 
kaolinite 
- 
 
Besides Bayan Obo, a number of iron-rich rare earth deposits of similar complex mineral and 
textural associations (Table 1.3) are located in Australia (e.g. Mount Weld, Olympic Dam), 
Brazil (e.g. Araxá), USA (e.g. Pea Ridge, Mineville) and Russia (e.g. Chuktukon, Tomtor), 
and analogous challenges have been encountered in the recovery of rare earths from these 
deposits (Bisaka et al., 2016). Iron rich in this context refers to rare earth bearing ores in 
which iron oxides (hematite, magnetite), oxyhydroxides (goethite) and to a lesser extent iron 
carbonates (siderite, ankerite) constitute the major gangue. These iron-rich rare earth ores can 
be classified further based on the nature of the iron gangue present as being oxidised 
(hematite, goethite), partially oxidised (magnetite) or un-oxidised (siderite, ankerite). 
                                                 
1
 Krishnamurthy, N., Gupta, C.K., 2004. Extractive metallurgy of rare earths. CRC press. 
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Table 1.3: Geology, mineralogy and grades of some Fe-rich rare earth deposits outside of China 
 
 
Deposit Location REE Mineralogy Nb mineralogy Gangue Grade References 
Weathered carbonatite  
Central 
Lanthanide 
Deposit 
Mt Weld, Western 
Australia 
See Table 1.2 - See Table 1.2 
23.2 wt% REOT 
44.1 wt% Fe2O3 
Guy et al. (2000); 
Hoatson et al. (2011) 
Crown 
Polymetallic 
Deposit 
Mt Weld, Western 
Australia 
Florencite, 
pyrochlore 
Columbite, 
pyrochlore 
Ilmenite, ilmenorutile, 
goethite, crandallite 
1.2 wt% REOT 
42.8 wt% Fe2O3 
1.1wt% Nb2O5 
Aral and Bruckard 
(2008), Hoatson et al. 
(2011); Krishnamurthy 
and Gupta (2004) 
Araxá Brazil 
Monazite, 
gorceixite 
Pyrochlore 
Hematite, goethite, 
quartz 
6.8 wt% REOT 
29.8 wt% Fe2O3 
1.8 wt% Nb2O5 
Neumann and 
Medeiros (2015) 
Chuktukon Siberia, Russia 
Florencite, 
monazite, cerianite 
Pyrochlore Fe-Mn oxides 
7.1 wt% REOT 
51.4 wt% Fe2O3 
0.5 wt% Nb2O5 
Kuzmin et al. (2012) 
Tomtor Siberia, Russia Monazite Pyrochlore 
Crandallite, siderite, 
kaolinite, Fe-Ti oxides 
10.2 wt% REOT 
12 wt% Fe2O3 
6.7 wt% Nb2O5 
Kuzmin et al. (2012) 
Iron oxide – copper – gold 
Olympic Dam 
Roxby Downs, 
South Australia 
See Table 1.2 - See Table 1.2 
3000 – 5000 ppm 
Ce+La,  26wt % TFe 
Oreskes and Einaudi 
(1990), Reynolds 
(2000), Hoatson et al. 
(2011) 
Hydrothermal 
Pea Ridge Iron 
Deposit 
Missouri, USA Monazite, xenotime - 
Magnetite, hematite, 
apatite, quartz, 
feldspar, sulfides 
12 wt% REOT 
Fe grade not specified 
Grauch et al. (2010), 
 Long et al. (2012), 
Whitten and Yancey 
(1990) 
Kiruna-type iron oxide-apatite 
Mineville Iron 
District 
New York, USA 
Apatite, monazite, 
allanite, bastnaesite 
- 
Magnetite, martite, 
hematite, quartz, albite, 
pyrite, augite 
11.1 wt% REOT 
Fe grade not specified 
Long et al. (2012) 
  Chapter 1 
8 
 
A number of inferences can be drawn from Table 1.3; the iron content in these ores is such 
that they can be classified as low grade iron ores in their own right, the rare earth content is 
quite high making many of these deposits high grade rare earth resources, and many of the 
Fe-rich rare earth ores are oxidised having been derived from the weathering of primary 
carbonatites. For many of these ores, characteristics such as very fine mineral grain size, 
complex mineralogy and texture and similar physical and physico-chemical properties of 
mineral values and iron oxide gangue pose challenges to rare earth beneficiation via 
conventional mineral dressing processes.    
 
One potential way to address the beneficiation of these ores is the application of 
pyrometallurgical pre-treatment processes as typically used in the upgrading of low grade 
iron ores (Iwasaki and Prasad, 1989; Kwauk, 1979; Uwadiale, 1992). The thermal pre-
treatment step is used to convert iron oxides into a form which facilitates physical separation 
of iron from the rare earths. The rare earths and other valuables in the concentrated tailings 
can then be treated further for recovery via mineral beneficiation or chemical leaching. Such 
processes have been extensively researched for the recovery of both iron and rare earths from 
the Bayan Obo deposit (Gao et al., 2010a; Gao et al., 2010b; Ding et al, 2012) and more 
recently on a monazite-bearing magnetite ore from Korea (Kim et al., 2014) and iron-rich 
rare earth ores from South Africa (Bisaka et al., 2016).  
 
The applicability of pyrometallurgical pre-treatment processes for beneficiating rare earth 
minerals from fine-grained Fe-REO ore types is reviewed in this chapter. A technical 
assessment of pyrometallurgical processes and the thermochemical stability of rare earth 
minerals in these processes are presented. A critical analysis was conducted of previous 
research carried out on the application of ferrous pyrometallurgy for the treatment and 
recovery of REEs from the world’s largest fine-grained Fe-REO deposit, Bayan Obo in 
China. Finally, the applicability of such processes to the recovery of rare earths and iron from 
similar deposits outside of China is considered. The focus of this thesis was to gain 
knowledge and an understanding of the applicability of pyrometallurgical processes, 
specifically magnetising roasting-magnetic separation as a method to beneficiate lateritic rare 
earth bearing ores.  
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1.2. Pyrometallurgical processing schemes for beneficiation of low grade iron ores 
 
Pyrometallurgical processes previously applied to the beneficiation of low grade iron ores fall 
into one of three general categories; magnetising roasting, direct reduction and smelting 
processes (for the purposes of this thesis it was assumed that separation of REO is required). 
Common to all three processing schemes is the application of a high temperature pre-
treatment step that converts iron oxides to a form amenable to physical separation from REO 
contained in the ore, be it via magnetic separation or density difference. The processing 
schemes are illustrated in Figure 1.1.   
 
1.2.1. Magnetising roasting 
 
Magnetising roasting (Figure 1.1a) involves roasting the ore in a reducing environment at 500 
to 700°C resulting in an iron-rich magnetic product (magnetite, Fe3O4 or maghemite,γ-Fe2O3) 
and tailings enriched in the other valuables (rare earths for example). The reducing 
atmosphere is generated via reforming of hydrocarbons or by solid reductants such as coal 
(Iwasaki and Prasad, 1989; Uwadiale, 1992). For ores in which the principle iron-bearing 
mineral is siderite (FeCO3), an oxidizing roast is employed to convert siderite to magnetite 
due to auto-oxidation of intermediate wüstite (Fe1-xO) by CO2 (Kwauk, 1979; Uwadiale, 
1992). The roasted ore is ground and subjected to low intensity magnetic separation (LIMS) 
to remove magnetite (Iwasaki and Prasad, 1989). Despite the energy penalty associated with 
roasting, a magnetising roast can be advantageous as magnetic separation is simpler and more 
selective than other separation techniques (e.g. flotation), has reduced grinding costs due to 
the increased friability of the roasted ore, and generally results in improved settling and 
filtration characteristics of the ore due to dehydroxylation of clays during roasting (Iwasaki 
and Prasad, 1989; Uwadiale, 1992). A review on the magnetising reduction of iron ores by 
Uwadiale (1992), cites many examples where this method has been successfully applied in 
the beneficiation of fine-grained iron ores and polymetallic resources containing other metals 
in addition to iron.  
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Figure 1.1: Processing schemes applied in the pyrometallurgical processing of Fe-REE ores a) magnetising roasting/magnetic 
separation, b) direct reduction/magnetic separation and c) smelting to produce pig iron and REO slag 
b) 
c) 
a) 
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1.2.2. Direct reduction  
 
Direct reduction (Figure 1.1b) processing of low grade iron ores involves roasting the ores in 
a highly reducing atmosphere at 1000 - 1200°C resulting in solid state formation of metallic 
iron (Iwasaki and Prasad, 1989). The reduced ore is then subjected to comminution and 
magnetic separation to recover metallic iron powder (Iwasaki and Prasad, 1989). Compared 
to magnetising roasting, the substantially higher temperatures involved in direct iron 
reduction processes results in partial sintering and fusion of the material due to formation of 
low temperature slag phases (Ross, 1973). Additionally, coalescence of metallic iron grains 
formed during reduction can also occur leading to agglomeration and sintering (Komatina 
and Gudenau, 2004). Both can be avoided by carrying out reduction at temperatures below 
1100°C (Ross, 1973), though even at temperatures below 1000°C agglomeration and 
sintering of iron ore fines has been observed (Komatina and Gudenau, 2004).  
 
The coalescence of metallic iron formed during reduction at higher temperatures can be 
beneficial in the processing of fine grained ores due to significant grain growth (Gao et al., 
2013; Han et al., 2014). Care must be taken during comminution as the metallic iron can be 
ductile leading to elongation of the iron particles during crushing and grinding (Matinde and 
Hino, 2011). Iron particle elongation leads to entrapment of slag within the iron particles 
resulting in poor liberation during grinding, and impurity entrainment during magnetic 
separation. If other valuables present in the ore report to the slag phase during roasting (rare 
earths for example), then this will also represent a loss of values during comminution and 
magnetic separation. Nonetheless, direct reduction/magnetic separation may be suited to the 
processing of refractory fine grained iron ores that are not amenable to either conventional 
mineral beneficiation or magnetising roasting (Gao et al., 2013; Iwasaki and Prasad, 1989). 
  
1.2.3. Smelting processes 
 
Smelting processes (Figure 1.1c) used in the treatment of iron-bearing ores involve carrying 
out reduction (coal, char or coke) at temperatures greater than 1300°C; resulting in iron 
metallisation and melting of the iron and slag phases. Density separation of the liquid iron 
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and slag phases overcomes the problem encountered in direct reduction and magnetic 
separation concerning gangue entrapment during comminution.  
  
Reduction and melting can take place in the same furnace, the classic example being the blast 
furnace used for pig iron production. Alternatively, iron metallization and melting can be 
decoupled and carried out in two separate furnaces, an example being the rotary kiln/electric 
arc furnace process used for ferronickel production from nickel laterites (Norgate and 
Jahanshahi, 2011). Normally such an approach would not be taken in the processing of low 
grade ferrous ores due to the large volume of slag and the high energy cost. Smelting can 
however be justified if the metals to be recovered are of high value (Reuter et al., 1994). For 
example, smelting of run-of-mine Fe-REE-Nb ore from the Bayan Obo deposit in a blast 
furnace has been conducted in the past; this practice was discontinued due to operational 
difficulties (see Section 1.4.4).   
                             
1.3. Thermochemical Stability of Rare Earths during pyrometallurgical processing 
 
It is important in the pyrometallurgical processing of Fe-REO ores to determine whether any 
REE species present are likely to undergo reduction and possible reaction with other phases. 
An Ellingham diagram (Figure 1.2) showing the stability of the pure oxides of cerium, 
lanthanum and scandium constructed using standard Gibbs free energy data  shows that 
cerium, lanthanum, scandium and the rare earths in general have a high affinity for oxygen. 
Under conditions prevailing in the pyrometallurgical processing of iron ores these oxides 
would therefore not be expected to be reduced by carbon. As indicated above, the REE are 
rarely present as the simple oxides – they are generally present in a range of complex 
minerals oxides, silicates and phosphates. The following section reviews the stability of key 
REE and associated phosphorus and niobium rich minerals under pyrometallurgical 
conditions. Although not rare earths, niobium and phosphorus are also considered as these 
elements are typically associated with REE ores and are potentially recoverable valuable 
elements. The stability of these elements, along with iron and carbon are also shown in 
Figure 1.2. 
        Chapter 1 
13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Ellingham diagram of the pure oxides of Fe, C, Ce, La, Sc, Nb and P; Gibbs free energy data obtained from HSC Chemistry. 
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1.3.1. Bastnaesite 
 
Data for the behaviour of bastnaesite under high temperature reducing environments is 
limited. Gao et al. (2012a; 2010b) studied the behaviour of a fine-grained basnasite-
containing Fe-REO ore during coal-based direct reduction at 1225°C. Calcium was also 
present in the system due to the presence of calcite gangue and characterization of the 
reduced products found that the bastnaesite had decomposed to form stable rare earth oxides 
and fluorite (CaF2) according to:   
 
                                        (1.1) 
 
Gao et al. (2012a; 2010b) confirmed that the rare earth oxides did not undergo reduction even 
though their host mineralogy was significantly altered.  
 
1.3.2. Monazite 
 
While the reductive decomposition of bastnaesite is straightforward, RE-containing 
phosphates are potentially more problematic during high temperature reduction processes due 
to the formation of unwanted by-products. In Figure 1.2 the P/P2O5 line intersects the C/CO 
line at approximately 800°C and therefore under iron metallization conditions which are 
typically above 800°C, carbothermal reduction of P2O5 to elemental phosphorus is expected 
to occur. However species are rarely present as their pure oxides and in rare earth bearing 
ores phosphorus is present as minerals such as monazite and apatite. An Ellingham diagram 
of the pure phosphates of lanthanum and calcium is presented in Figure 1.3. It can be seen 
from Figure 1.3 that LaPO4 (representing monazite) and calcium phosphates are 
thermodynamically stable species and these species intersect the C/CO line at much higher 
temperature relative to the P/P2O5 line. This suggests that carbothermic reduction of rare 
earth and calcium phosphates is not expected to take place at temperatures below 1200°C as 
would be encountered in magnetising roasting and direct reduction processes. However at 
high temperatures and under conditions where metallic iron would be generated (e.g. in direct 
reduction or smelting processes),  gangue phases  present in the ore such as lime, quartz and 
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alumina can participate in the carbothermal reduction of phosphates and therefore influence 
the thermodynamics of reduction (Gao et al., 2010a, Li et al., 2015). Additionally, owing to 
the high affinity of phosphorus for iron, reaction between phosphorus vapour and iron metal 
readily takes place at high temperatures leading to formation of a high phosphorus iron 
product which is undesirable (Gao et al., 2010a, Li et al., 2015).  
 
 
Figure 1.3: Ellingham diagram of the pure oxides of P and C; Gibbs free energy data 
obtained from HSC Chemistry. 
 
Xing et al. (2010) studied the high temperature stability of a monazite concentrate under 
reducing conditions using coal char and found that between 1200 - 1400°C, monazite 
decomposed to form rare earth oxides and elemental phosphorus: 
 
                                       (1.2) 
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Xing et al. (2010) also studied the reduction of monazite in the presence of 1-6 wt % hematite 
and determined that the hematite was reduced to metallic iron with no effect on the 
decomposition of monazite. Xing et al. (2010) did not report the existence of Fe3P which is 
surprising given the high affinity iron has for elemental phosphorus (Li et al., 2015).  
 
Gao et al. (2012a) examined the behaviour of monazite during coal-based direct reduction of 
fine grained Fe-REO ore at 1225°C in the presence of CaO. The study found that monazite 
was decomposed by calcium oxide to form rare earth oxides and tricalcium phosphate 
according to Reaction 1.3: 
 
                                    (1.3) 
 
Gao et al. (2010a) observed that tricalcium phosphate underwent reduction in the presence of 
quartz to form phosphorus vapour and wollastonite (CaSiO3) according to reaction 1.4: 
 
                                               (1.4) 
  
The resultant phosphorus vapour readily dissolved into the metallic iron formed from the 
reduction of iron oxides (Gao et al., 2010a). The Ellingham diagram shown in Figure 1.3 
shows that tricalcium phosphate is a more stable species than LaPO4; hence lime (CaO) 
would be expected to decompose monazite at all temperatures on thermodynamic grounds 
though kinetically this is not the case as decomposition of monazite with lime typically 
requires the addition of a flux (Kartha, K. N., 1963; Kumari et al., 2015). On this basis 
monazite decomposition would not be expected to take place during magnetising roasting; 
however during high temperature direct reduction and smelting based processes where 
gangue phases melt to form slag, and where lime is present either as gangue or a flux 
addition, monazite decomposition is to be expected. From Figure 1.3, the thermodynamic 
stability of tricalcium phosphate suggests that carbothermic reduction should not take place 
unless the temperature exceeds 1500°C. However as was previously mentioned, Gao et al. 
(2010a) observed that tricalcium phosphate underwent carbothermal reduction at 1225°C in 
the presence of quartz and as discussed later in Section 1.3.3, gangue phases such as quartz 
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and alumina can react with calcium phosphate to form more stable phases and thereby 
promote phosphorus reduction.   
 
From the limited studies on monazite decomposition under conditions that favour iron 
metallization, phosphorus reduction and reaction with iron to form iron phosphide (Fe3P) can 
be expected to occur leading to a high phosphorus iron product. In operations where the 
recovery of metallic iron is important for economic viability, Fe3P formation needs to be 
avoided. Phosphorus reduction could be supressed through the addition of calcium or sodium 
compounds during direct reduction (Li et al., 2015; Yu et al., 2013). However sodium and 
calcium compounds either alone or in combination are known to decompose monazite at high 
temperature (Kumari et al., 2015). It can therefore be expected that under conditions 
involving iron metal formation (direct reduction or smelting) monazite will undergo 
decomposition. Magnetising roasting occurs at a much lower temperature range where 
monazite decomposition would not be expected to take place; making this process better 
suited for dealing with ores high in phosphorus or where the original rare earth mineralogy is 
to be retained.     
 
1.3.3. Fluorapatite  
 
Fluorapatite is commonly found as an accompanying gangue mineral in many rare earth 
deposits. Additionally, fluorapatite can also be a host mineral for rare earth elements due to 
its ability to incorporate rare earth cations in its crystal lattice (Fleet, M. E. and Pan, Y., 
1995a, b). As such, an understanding of the thermochemical stability of fluorapatite during 
pyrometallurgical processing of Fe-REE ores is of importance. The Ellingham diagram 
presented in Figure 1.3 shows that fluorapatite is a very stable species and does not intersect 
the C/CO line until temperatures exceed 1500°C, suggesting that carbothermal reduction of 
fluorapatite would only be problematic in smelting based processes. However in practice 
fluorapatite was found to undergo reduction to form phosphorus vapour under direct 
reduction conditions (1000 - 1200°C) (Li et al., 2015; Sun et al., 2014). Sun et al. (2014) and 
Li et al. (2015) studied the behaviour of phosphorus during direct reduction of a high 
phosphorus content iron ore and found that fluorapatite readily underwent reduction with the 
resultant phosphorus vapour dissolving into the metallic iron (Li et al., 2015; Sun et al., 
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2014). Sun et al. (2014) found that fluorapatite reduction was favoured by high temperature, 
long residence time and a high C/O molar ratio (Sun et al., 2014). Li et al. (2015) had similar 
findings and also found that quartz and alumina played a role in the reduction of fluorapatite. 
Li et al. (2015) found that fluorapatite reduction was enhanced in the presence of quartz and 
alumina, their presence having the effect of lowering the temperature at which fluorapatite 
reduction commenced (Li et al., 2015). The effect quartz and alumina have on the reduction 
of fluorapatite is depicted in the Ellingham diagram in Figure 1.4.   
 
 
Figure 1.4: Ellingham diagram showing the stability of fluorapatite; Gibbs free energy 
data obtained from HSC Chemistry. 
 
From the Ellingham diagram (Figure 1.4) it can be seen that the fluorapatite line does not 
intersect the C/CO line until the temperature is 1650°C, indicating that reduction does not 
take place below this temperature. The addition of quartz shifts the fluorapatite line up 
resulting in the line intersecting the C/CO line at a lower temperature, in this case 1300°C. 
The addition of quartz and alumina results in a further shift in the line with fluorapatite 
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intersecting the C/CO line at 1200°C. This shows that the formation of more stable species 
such as wollastonite and anorthite (CaAl2Si2O8) can be a driving force for fluorapatite 
reduction by carbon (Li et al., 2015). Li et al. (2015) found that fluorapatite reduction could 
be supressed through the addition of calcium or sodium compounds to react with quartz and 
alumina present in the feed or by carrying out direct reduction below 1000°C. The addition of 
sodium or calcium compounds for phosphorus control during the processing of Fe-REE ores 
by direct reduction or smelting has a number of disadvantages; decomposition of rare earth 
minerals takes place, high flux consumption for lean/low grade ores and dilution of the rare 
earth content in the final slag. Low temperature iron metallisation (T<1000°C) whilst feasible 
would result in slower reaction kinetics and coalescence of metallic iron is unlikely to occur 
(Ross, 1973); hence any beneficial effect of metallic iron coalescence on downstream 
processing is lost. On this basis it can be concluded that for high phosphorus Fe-REE ores, 
magnetising roasting would be the ideal pyrometallurgical processing route. 
 
1.3.4. Niobates 
 
Niobium is a common element found in association with rare earths, usually as pyrochlore 
[(Na,Ca)2Nb2O6(OH,F)], aeschynite, fersmite or columbite [(Fe,Mn)Nb2O6]. Figure 1.2 
shows that the Nb/Nb2O5 line intersects the C/CO line at 1300°C.  It would therefore be 
expected that under conditions of coal-based direct reduction to metallic iron, niobium 
pentoxide would not be reduced to niobium metal. At temperatures greater than 1300°C 
typically encountered in smelting processes, niobium could undergo reduction. Niobium has 
a high solubility in molten iron and according to Reuter et al. (1994) and Zheng and Lin 
(1994), during blast furnace smelting of Bayan Obo Fe-REO-Nb ore niobium underwent 
reduction forming stable carbides which dissolved into the iron. In a similar study by Gao et 
al. (2010a) using the same ore type, niobium in the mineral phase readily underwent 
reduction to NbO2 and niobium carbide (NbC) in the temperature range 1100 - 1200°C and 
the NbC formed rapidly dissolved into the metallic iron. Niobium carbide formation was also 
observed in a study by Zhang et al. (2016) on the direct reduction-magnetic separation of 
fine-grained Fe-REE-Nb bearing ore under conditions of 1150°C, roasting time of 180 min 
and a CO partial pressure close to 1 atm. In a separate study by Liu et al. (2016) on the direct 
reduction and magnetic-separation of a Fe-REE-Nb ore at 1100°C revealed the presence of 
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NbO0.76 indicating that reduction of niobium minerals present in the ore to lower valence state 
oxides had taken place. Due to the higher temperatures involved in smelting and/or direct 
reduction of Fe-REE-Nb bearing ores the reduction of niobium minerals to niobium carbide 
is expected to occur. Similar to the behaviour of phosphorus, NbC will dissolve into the 
metallic iron phase. 
 
1.4. Case study - application of ferrous pyrometallurgy to processing Bayan Obo Fe-
REO-Nb ore 
 
1.4.1. Bayan Obo Mineralogy 
 
The major mineralogy and grade of the Bayan Obo deposit is summarised in Table 1.4. Major 
challenges associated with processing Bayan Obo ore include the fine grain size of the iron, 
rare earth and niobium minerals, the fine dissemination of the minerals and the complex 
mineralogy of the ore (Li and Yang, 2014). In addition to these factors a number of specific 
issues exist regarding separability between the gangue and valuables. The similar surface 
chemical properties between the rare earth minerals, iron minerals and gangue such as 
fluorite, dolomite, apatite, barite and calcite means selective separation of rare earth minerals 
from iron oxides and gangue via froth flotation is difficult (Gao et al., 2010b, Li and Yang, 
2014 ). Furthermore, the magnetic susceptibilities of hematite, monazite and bastnaesite 
(Table 1.5) are of similar order of magnitude and therefore application of high intensity 
magnetic separation (HIMS) for separation of paramagnetic iron minerals such as hematite 
from the rare earth minerals would also be difficult (Gao et al., 2010b).  
 
A significant number of studies have been conducted on the application of pyrometallurgy as 
a means of overcoming the issues involved in beneficiation of Bayan Obo ore and improving 
overall resource utilization (Gao et al., 2010b). Previous attempts at the application of ferrous 
pyrometallurgy to the processing of Bayan Obo ore, tailings and similar ores generally fall 
into one of three categories, magnetising roasting, direct reduction-magnetic separation and 
smelting as previously described. The results of these studies are summarized in Table 1.6 
and discussed in more detail below. 
 
  Chapter 1 
21 
 
Table 1.4: Geology, mineralogy and grade of the Bayan Obo Fe-REE-Nb deposit, Inner 
Mongolia, China. Adapted from (Chao et al., 1997), (Jiake and Xiangyong, 1985) and 
(Li and Yang, 2014) 
 
Deposit type Hydrothermal – associated with 
sedimentary dolomite 
REE mineralogy Bastnaesite 
monazite 
Nb mineralogy Columbite 
Ilmenorutile 
rare earth niobates – aeschynite, 
fersmite, fergusonite 
Fe mineralogy Hematite 
Magnetite 
martite 
Gangue mineralogy Apatite 
Fluorite 
Barite 
Dolomite 
Calcite 
Quartz 
Amphibole 
Aegirine 
Fe, REO & Nb grade 35 wt% TFe 
6 wt% REOT 
0.1 wt% Nb2O5 
Major gangue element 
concentrations 
17 wt% CaO 
13.6 wt% SiO2 
9.1 wt% F 
2 wt% BaO 
1.5 wt% Na2O 
Concentration of deleterious 
elements 
1.02 wt% P 
0.8 wt% S 
320 ppm Th 
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Table 1.5: Magnetic susceptibilities of some iron, rare earth and gangue minerals. 
Values for magnetite to biotite adapted from (Xiong et al., 2015), value for bastnaesite 
to barite adapted from (Yang et al., 2013). 
 
Mineral Chemical Formula Magnetic susceptibility, 10
-6
 
m
3
/kg 
Magnetite Fe3O4 625 - 1156 
Martite Fe2O3 6.2 – 13.5 
Hematite Fe2O3 0.6 - 2.16 
Goethite FeOOH 0.31 - 1 
Siderite FeCO3 0.7 - 1.5 
Ilmenite FeTiO3 0.34 - 5 
Apatite Ca5(PO4)3(F, Cl, OH) 0.007 - 0.142 
Calcite CaCO3 0.0038 
Quartz SiO2 0.0025 - 0.126 
Biotite K(Mg, Fe)3(Si3AlO10)(OH, F)2 0.5 - 6.5 
Bastnaesite
1
 (Ce, La, Nd)CO3F 0.14 – 0.17 
Monazite
1
 (Ce, La, Nd, Th)PO4 0.15 
Fluorite
1
 CaF2 0.053 
Barite
1
 BaSO4 0.016 
 
1
Magnetic susceptibility values for bastnaesite to barite given by Yang et al. (2013) were in cm
3
/g and were 
converted to m
3
/kg  using a conversion factor; 1 cm
3/g = 4π×10-3 m3/k 
 
1.4.2. Magnetising roasting 
 
The aim of magnetising roasting is to convert hematite to magnetite for subsequent separation 
via LIMS, with the rare earths and niobium being enriched in the tails. Table 1.5 shows the 
specific susceptibilities of common iron, rare earth and gangue minerals found in the ore and 
it can be seen that the susceptibility of magnetite is significantly greater than that of the other 
iron minerals, rare earths and gangue minerals. Conversion of hematite to magnetite via 
reduction roasting and application of LIMS after comminution could result in selective 
removal of the iron and enrichment of rare earths in the tails.  
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Kwauk (1979) studied the fluidized bed roasting of an iron-rare earth ore from the Bayan 
Obo deposit containing 36 wt% TFe, 5.5 wt% REOT and 16 wt% F. The ore was roasted at 
550°C using a reducing gas consisting of H2, CO, CO2, CH4 and N2 (Kwauk, 1979). 
Application of magnetic separation produced an iron concentrate grading 62.2 wt% TFe with 
a recovery of iron to the magnetic concentrate of 94%; 80% of the rare earths reported to the 
tailings indicating that good separation between the rare earths and iron was achieved. 
 
The application of microwave technology to the magnetising roasting of Bayan Obo iron ore 
was used by Li et al. (2011) on three different hematite ore types of differing iron and rare 
earth grade using activated carbon as the reductant. The ores were roasted at temperatures 
varying between 500 – 750°C for 0 - 15 min at a microwave voltage of 180 - 240V with the 
stoichiometric amount of activated carbon. Complete conversion of hematite to magnetite 
was achieved for all three ores after roasting at 650°C for 10 min at a voltage of 220V. The 
roasted ores were ground to -74 µm and subjected to magnetic separation at a magnetic field 
strength of 80kA/m which resulted in an average grade of 50 wt% TFe and a recovery above 
90%. Regrinding of the magnetic fraction to -33 µm and subjecting it to a second pass on the 
magnetic separator at a field intensity of 32kA/m resulted in an Fe grade exceeding 60 wt% at 
a recovery greater than 50%. No mention was made by Li et al. (2011) of the distribution of 
the REO and niobium during magnetic separation.  
 
More recently Yang et al. (2013) roasted Bayan Obo tailings with an iron and rare earth grade 
of 13.1 wt% TFe and 7.1 wt% REOT respectively, in a muffle furnace using coal as the 
reductant. The temperature was varied between 570 – 700°C for a time of 1 – 3.5 hrs; the 
coal content was varied based on the carbon to reducible oxygen ratio. Roasting parameters 
that resulted in the highest magnetite conversion were determined for tailings roasted at 
650°C for 2.5 hrs with a C/O molar ratio of 3.85. Ore roasted under optimal conditions was 
milled to -75 µm and subjected to low intensity magnetic separation, the separator current 
being varied between 0.5 - 2.5A. The highest iron grade and recovery was achieved at a 
magnetic separator current of 2A, resulting in a Fe grade of 45 wt% and a recovery of 68%. 
The rare earths were recovered in the tailings (80% recovery) with a slight increase in grade 
to 7.5 wt% REO.  
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Table 1.6: Summary of research on pyrometallurgical processing of Bayan Obo Fe-REE 
ores 
 
 
Reference Type of ore Grade: 
Wt% TFe 
Wt% REOT 
Wt% Nb2O5 
Reductant Roasting conditions: 
Temperature 
Time 
 Ore fineness 
Fe recovery & grade 
REO recovery & grade 
Magnetising roasting  
Kwauk (1979) Fe-REE ore 36wt% 
5.5wt% 
NA 
H2-CO-CH4-
CO2-N2 gas 
mixture 
550°C 
NA 
NA 
94% recovery @ 
62.2wt% TFe 
80% recovery of REO  
Li et al. (2011) Hematite-REE 
ore 
17 – 42 wt% 
 2 - 9.9 wt% 
0.2 - 2.8 wt% 
activated 
carbon 
500 - 750°C  
0 - 15min 
P90 of 74μm 
1
st
 pass: >90% recovery 
@ 50 wt% TFe 
2
nd
 pass: >50% recovery 
@ 60 wt% TFe 
Yang et al. 
(2013) 
Bayan Obo 
tailings 
13 wt%  
 7 wt% 
 0.1 wt% 
coal 570 - 700°C 
 1 - 3.5 hrs 
P100 of 74μm 
68% recovery @ 45 wt% 
TFe 
80% recovery @ 7.5 
wt% REOT 
Direct reduction  
Gao et al. 
(2010a) 
Bayan Obo 
ROM ore 
32.2 wt% 
 6.5 wt% 
0.1 wt% 
coal 1125 - 1250°C 
10 - 60 min 
P100 of 2mm 
88.93% recovery @ 
93.33 wt% TFe 
NA 
Gao et al. 
(2010b) 
Bayan Obo 
ROM ore 
32.2 wt% 
7.1 wt% 
0.1 wt% 
bituminous 
coal 
1125 - 1250°C 
10 - 60 min 
P100 of 2mm 
93.2% recovery @ 91.6 
wt% TFe 
98.7% recovery @ 12.3 
wt% REOT 
Gao et al. 
(2012b) 
Bayan Obo 
ROM ore 
35.3 wt% 
8 wt% 
0.1 wt% 
Coal 1225°C 
30 min 
P100 of 2mm 
93.3% recovery @ 92 
wt% TFe 
97.2% recovery @ 15.1 
wt% REOT 
Zhang et al. 
(2016) 
Fe-REE-Nb ore 44.2 wt% 
2.9 wt% 
3 wt% 
bituminous 
coal 
950 - 1150°C 
3 hrs 
P100 of 96μm 
79.1 % recovery @ 88.2 
wt% TFe 
95% recovery @ 5 wt% 
REOT 
Liu et al. (2016) Titanomaghemite 
ore, Inner 
Mongolia, China 
31.9 wt% 
3.2 wt% 
2.9 wt% 
lignite 950 - 1150°C 
30 - 150 min 
P80 of 74μm 
91.5% recovery @ 89.3 
wt% TFe 
96.1% recovery @ 5.4 
wt% REOT 
Smelting  
Ding et al. (2012, 
2013) 
Fe-REE-Nb ore 27.2 wt% 
7 wt% 
0.1 wt% 
coal 1350 - 1450°C 
 0 - 15 min 
P90 of 56μm 
97.5% recovery @ 95.72 
wt% TFe 
≈100% recovery to slag 
@ 14.19 wt% REOT 
Li and Guo 
(2014) 
Fe-REE-Nb ore 30.8 wt% 
6.2 wt% 
0.1 wt% 
coal 1500°C 
 30 min 
NA 
NA 
≈100% recovery to slag 
@ 12.4 wt% REOT  
71.2% recovery by 
further enrichment of 
slag @ 23.3 wt% REOT  
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1.4.3. Direct reduction  
 
The objective of direct reduction is to convert the iron minerals to solid metallic iron for 
magnetic separation, with the rare earths and niobium reporting to the tails from which they 
can be subsequently recovered. As is the case for magnetising roasting, the magnetic 
susceptibility of iron metal is significantly higher than the gangue and therefore selective 
separation via LIMS can be achieved. Gao et al. (2010a; 2010b) studied the application of 
direct reduction and magnetic separation using run-of-mine ore from Bayan Obo. The iron, 
rare earth and niobium grade of the ore was 32.2 wt% TFe, 7.1 wt% REOT and 0.1wt% 
Nb2O5. Metallization of the iron oxides was carried out using bituminous coal as the 
reductant; ore and coal were crushed to below 2 mm, mixed and roasted at different 
temperatures, time and C/O molar ratio in a rotary hearth furnace. Characterisation by XRD 
indicated metallic iron, fluorite, wollastonite and calcium rare earth oxy-silicates in the 
reduced products. The reduced products were also characterised by SEM-EDS where it was 
found the metallic iron was high in phosphorus from the reduction of apatite and tricalcium 
phosphate. Niobium was found to have undergone reduction to NbO2 and NbC; any NbC 
formed was dissolved into the iron. The highest percentage of iron metallization, 94.5%, was 
achieved at a temperature of 1225°C and a roasting time of 30 min. with a C/O molar ratio of 
2.0. These conditions were subsequently employed in magnetic separation test work that 
examined recovering iron metal powder and tails enriched in the rare earths. Grinding and 
magnetic separation of the reduced ore resulted in an iron concentrate with a grade of 91.6 
wt% TFe at a recovery of 93.2% and a REO enriched tails grading 12.3 wt% REOT at a 
recovery of 98.7%.  
 
Further work by Gao et al. (2012b) on pilot scale beneficiation of roasted Bayan Obo Fe-REE 
ore using roasting conditions established from previous test work (Gao et al., 2010a; Gao et 
al., 2010b) indicated that excess carbon present in the roasted product required removal as the 
presence of carbon could cause problems if froth flotation were to be applied to recover rare 
earths after iron removal. Carbon removal was achieved by a combination of magnetic 
separation and density separation resulting in a slight increase in the TFe and REO grade in 
the concentrate to 40.9 wt% and 9.2 wt% respectively. Grinding of the roasted ore to recover 
the iron and REO was difficult due to the hardness and ductility of metallic iron. Grinding of 
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the roasted ore to 70% passing 74 µm and application of low intensity magnetic separation 
resulted in a concentrate grading 82.5 wt% TFe at a recovery of 93.5% (Gao et al., 2012b). 
Improved grade and recovery of the iron concentrate could be achieved through stage wise 
grinding and sieving the intermediate product prior to magnetic separation. Grinding the 
reduced ore to 57% passing 74 µm and sieving at a screen size of 0.28 mm produced an 
oversize product grading 94.2 wt% TFe at a mass recovery of 37.9%. Further grinding of the 
-0.28 mm undersize to 85% passing 74 µm and application of LIMS resulted in an overall 
iron recovery of 93.3% at a grade of 92 wt% TFe. The rare earths were enriched in the tails 
with the REO grade in the tails being 15.1 wt% at a recovery of 97.2%.             
 
Zhang et al. (2016) studied the reduction roasting-magnetic separation and chemical leaching 
using sulfuric acid of a low grade ore from the Bayan Obo deposit. The iron, niobium and 
rare earth grade in the ore used was 44.4 wt% TFe, 3 wt% Nb2O5 and 2.9 wt% REO, 
respectively. In the roasting experiments, 40 g of ore crushed to less than 96 µm was mixed 
with 15 g of pulverized bituminous coal and roasted for 180 min over the temperature range 
950 - 1150°C. Characterization of the roasted ore revealed that at 1150°C niobium present in 
aeschynite and pyrochlore had undergone reduction to form niobium carbide. Formation of 
niobium carbide was undesirable because poor niobium extraction during subsequent acid 
leaching occurred; Zhang et al. (2016) suggested that reduction be carried out below 1150°C 
to prevent NbC formation. Magnetic separation of the metallic iron using a Davis tube was 
performed on ore roasted between 950 - 1100°C where it was found that the highest iron 
grade and recovery, 88.2 wt% TFe and 79.1% respectively, was achieved for ore that had 
been roasted at 1100°C. The rare earth and niobium grade had increased slightly in the tails 
and recovery was greater than 98% for Nb and 95% for REO. The tails contained excess un-
reacted carbon and Zhang et al. (2016) suggested that further improvement in Nb and REO 
grade in the tails prior to acid leaching could be achieved through removal of carbon via froth 
flotation. 
 
Liu et al. (2016) studied the application of reduction roasting and magnetic separation for the 
recovery of iron and enrichment of niobium and rare earths in the tails. The ore had an iron, 
rare earth and niobium grade of 31.9 wt% TFe, 3.2 wt% REO and 2.9 wt% Nb2O5 
respectively. The studies by Liu et al. (2016) differ from the work done by previous 
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researchers in that roasting was conducted in the presence of an additive, sodium sulfate. The 
Fe-REE-Nb ore was mixed with 5 wt% carbon and varying amounts of sodium sulphate (0 – 
20 wt%) and formed into pellets. Lignite crushed to below 2 mm was used as the reductant. 
After roasting, the ore was ground and subjected to magnetic separation using a Davis tube. 
Optimal roasting conditions were found to be 1100°C, 120 min and 15 wt% sodium sulfate 
which resulted in an iron recovery of 91.5 % at a grade of 89.3 wt% TFe. The rare earths and 
niobium were enriched in the tails with the rare earth and niobium grade in the tails 
increasing to 5.4 wt% REO and 4.6 wt% Nb2O5 respectively with recoveries exceeding 95%. 
In the absence of sodium sulfate, the iron metallization and grade in the magnetic fraction 
was low leading Liu et al. (2016) to conclude that the presence of sodium sulfate was 
beneficial as it reacted with gangue to form a low melting point slag, thus enhancing iron 
oxide reduction, facilitating iron grain growth and enabling better separation of iron from the 
rare earths and niobium. Furthermore, it was observed sodium sulfate promoted the reduction 
of columbite and separation of iron from niobium. Columbite was absent in the ore roasted at 
1100°C for 120 min in the presence of sodium sulfate; instead NbO0.76 was observed, 
indicating that niobium in the mineral phase was reduced to lower valence state oxides.      
               
1.4.4. Smelting routes 
 
Smelting processes are not normally carried out on low grade iron ores or concentrates due to 
the volume of slag that is produced. The direct smelting of Bayan Obo Fe-REE ores and iron 
concentrates containing rare earths to produce pig iron has been conducted (Reuter et al., 
1994; Zheng and Lin, 1994). During smelting, niobium present in the ore is reduced and 
dissolves into pig iron and is subsequently recovered in the form of niobium rich slag during 
refining of the pig iron (Reuter et al., 1994). The rare earths report to the slag phase during 
smelting and the blast furnace slag is used for the production of rare earth alloys (Ding et al., 
2013; Zheng and Lin, 1994). Beneficiation of the slag for rare earth recovery has been 
conducted at pilot plant scale using gravity separation or a combination of high intensity 
magnetic separation and gravity separation (Zheng and Lin, 1994). The process was 
successful in recovery of cerium and other rare earths but scandium and europium remained 
in the slag in the form of rare earth-barium fluorophlogopite. Zheng and Lin (1994) studied 
the flotation of this mineral and found that the mineral could be recovered via froth flotation 
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using a combination of dodecylammonium acetate and sodium oleate. Operability of the blast 
furnace when smelting run-of-mine ore has been an issue with coke and flux consumption 
being high and furnace through-put low due to the large volume of slag produced, and severe 
erosion of the furnace refractories due to the high fluoride content of the slag (Ding et al., 
2013). The practice of smelting run-of-mine ore in the blast furnace has been discontinued 
due to the aforementioned reasons.  
 
To overcome the limitations imposed in the blast furnace smelting of Bayan Obo ore, Ding et 
al. (2012, 2013) developed a process based on the reduction and melt-separation of pellets 
produced from pulverised Bayan Obo Fe-REE ore and coal followed by chemical leaching of 
the slag for rare earth recovery. Reduction was carried out at 1400°C for 12 min which 
resulted in separation of iron from the slag and after cooling iron nuggets and a rare earth 
enriched slag were produced. The iron metal was high in sulfur (1.6 wt%) and phosphorus 
(0.5 wt%) and would likely need further refining. The rare earth content in the slag was 14.2 
wt%, an increase in grade by a factor of 2. Niobium was also enriched in the slag and did not 
undergo reduction to form niobium metal or the carbide, likely due to the slow kinetics of 
niobium reduction coupled with the short reaction time employed in the process. The high 
temperatures involved in smelting result in decomposition of the rare earth minerals and their 
fusion with the gangue minerals to form a slag which upon cooling, resulted in crystallisation 
of synthetic minerals. Ding et al. (2012, 2013) characterised the slag via SEM and XRD and 
identified the primary rare earth bearing phase as britholite [(RE,Ca)5(SiO4,PO4)3(OH,F)]. 
Rare earths could be recovered from the slag by leaching with hydrochloric acid resulting in a 
leaching efficiency greater than 97%. 
 
Li and Guo (2014) studied the enrichment of britholite from slag produced from the smelting 
of Bayan Obo ore using pulverised coal as the reductant at 1500°C for 30 min (Li and Guo, 
2014). Smelting and separation of the iron produced a slag with a rare earth content of 12.38 
wt% (oxide basis), a REO grade increase by a factor of 2. Remelting of the slag at 1150°C 
followed by centrifugal separation of the slag resulted in further enrichment of the rare earths 
to a grade of 23.3 wt% REOT at a recovery of 71.2% due to britholite concentrating in the 
heavy fraction. Centrifugal casting of molten slag could offer a means to beneficiate britholite 
and further upgrade the rare earth content in the slag.   
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1.4.5. Current Beneficiation Practice at Bayan Obo 
 
Despite the extensive research into pyrometallurgical beneficiation options for Bayan Obo, 
the current beneficiation flow sheet employed for recovery of iron and rare earths relies only 
on magnetic separation and flotation (Figure 1.5). Ground ore (P90 74μm) is subjected to 
LIMS to recover magnetite followed by two stages of high intensity magnetic separation to 
recover hematite (Li and Yang, 2014). The rare earth minerals being paramagnetic report to 
the magnetic fraction with the hematite in the HIMS rougher stage and are separated from the 
latter in a subsequent HIMS cleaner stage (Li and Yang, 2014). The iron concentrate 
recovered from magnetic separation is upgraded further through reverse flotation to remove 
silicates. The recovery of iron in this beneficiation circuit is 70%. The rare earth minerals 
reporting to the HIMS cleaner tails are subjected to flotation. The flotation circuit consisting 
of one rougher and scavenger stage and two cleaning stages produces two rare earth 
concentrates of differing grade; a high grade concentrate, REOT > 60wt% and a secondary 
concentrate, REOT > 30 wt%. Rare earth recovery is poor with only 16.8% of contained rare 
earths in the ore being recovered as a mineral concentrate (Qiu et al., 2016). The survey of 
pyrometallurgical approaches to beneficiation has demonstrated that they are capable of 
producing a significantly higher rare earth recovery relative to conventional mineral 
beneficiation processes in current use. The need for furnaces to carry out the necessary high 
temperature reactions precludes the adoption of such processes in industry due to the high 
fuel consumption and capital and operating costs of such equipment. Such approaches can be 
justified when the value of the recovered metals is high and can cover the aforementioned 
costs. 
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Figure 1.5: Current beneficiation flowsheet for Fe and REO recovery from Bayan Obo 
ore a) Fe beneficiation circuit and b) REO flotation circuit. Adapted from (Li and Yang, 
2014). 
a) 
b) 
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1.5. Pyrometallurgical processing of Fe-REE ores outside of China  
 
Research into the application of ferrous pyrometallurgy for the beneficiation of rare earth 
ores in which iron oxides are the primary gangue has received little attention outside of 
China. A number of such deposits exist in Australia, Korea, Canada and South Africa (Bisaka 
et al., 2016). The successful application of ferrous pyrometallurgy to the recovery of both 
iron and rare earths from the Bayan Obo Fe-REE-Nb deposit means there is scope for the 
utilization of these processes for the treatment of ores outside of China.  
 
Kim et al. (2014) studied the extraction of rare earths from a monazite-bearing magnetite ore 
from Korea with a rare earth content of 3 wt%. The ore was smelted at 1500°C in an arc 
furnace for 2 h using coke as a reductant and silica as a flux. Rare earths were enriched in the 
slag with the rare earth grade increasing by a factor of 3. The rare earth slag was subsequently 
ground to a particle size of 100 - 200 μm and leached with 0.3 M [H2SO4] at a slurry density 
of 1.5 g slag/L and a temperature range of 30 - 80°C. Complete recovery of lanthanum was 
achieved after leaching for 5 h – the recoveries of other REEs were not reported. 
 
Mintek has developed a pyrometallurgical process (PyEarth) to recover rare earths from Fe-
REE ores (Bisaka et al., 2016) which is shown in Figure 1.6. The process involves smelting 
of the ore at 1600 - 1800°C using anthracite coal as the reductant and lime as the flux to 
produce an iron-manganese alloy and a rare earth rich slag. The phosphorus content in the 
iron-manganese alloy is high (0.7-1.3 wt% P) and requires further refining (Bisaka et al., 
2016). The rare earth rich slag is subjected to hydrochloric acid leaching followed by 
neutralisation to remove Fe, Al and Th from the pregnant leach solution and precipitation of 
the rare earths using lime.  
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Figure 1.6: Flow sheet of the PyEarth process developed by Mintek. Adapted from 
(Bisaka et al., 2016). 
 
The process was successfully tested on a Southern African iron-rare earth ore from a 
carbonatite deposit; the rare earths were present mostly as monazite and minor bastnaesite 
and REE-apatite finely disseminated in a goethite-hematite matrix (Bisaka et al., 2016). After 
smelting the ore, rare earth content in the slag was upgraded by more than a factor of 5 (13.8 
wt% REOT in slag versus 2.5 wt% REOT in the ore) with a recovery of rare earths to the slag 
exceeding 95%. Hydrochloric acid leaching of the milled slag (P80 of 35 µm) at an acid 
addition of 708 kg HCl/tonne of slag, a pulp density of 20 wt%, leach temperature of 60°C 
and time of 2 h resulted in 94% extraction of the rare earths (Bisaka et al., 2016). The slag 
was also subjected to conventional processes used for treating rare earth concentrates; caustic 
cracking-acid leaching and sulfuric acid baking-water leaching; both processes resulted in 
poor extraction of the rare earths.  
 
1.6. Implications of mineralogical changes of rare earths in pyrometallurgical 
processing 
 
While the rare earth oxides in Fe-rich ores would not be reduced by carbon to the respective 
metals (See section 3.1), the high temperatures involved in pyrometallurgical processing 
results in significant mineralogical changes. Under the physical conditions of magnetising 
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roasting (T<700°C) it can be assumed that monazite and other rare earth phosphates would 
not undergo decomposition due to their stability though this needs to be confirmed with 
experimental testing; the same cannot be said for bastnaesite. Bastnaesite undergoes thermal 
decomposition in air at temperatures above 400°C, resulting in the formation of ceria, rare 
earth oxides, fluorides and oxyfluorides (Xiang et al., 1994). Decomposition of bastnaesite 
would likely have implications regarding the further processing of the tails after magnetic 
separation for rare earth recovery. For example, cerianite does not float strongly when using a 
fatty acid collector (Guy et al., 2000); if froth flotation were to be applied to recover rare 
earths after roasting and magnetic separation of a bastnaesite containing iron ore, ceria could 
report to the flotation cell tails.  
 
The substantially higher temperatures involved in direct reduction and smelting results in 
melting of gangue phases to form slag and decomposition of the rare earth minerals and 
changes to the original mineralogy. The rare earths are known to concentrate into mineral 
phases upon cooling of the slag which has implications regarding beneficiation. Gao et al. 
(2012a) studied the behaviour of bastnaesite and monazite under conditions of iron 
metallization. Characterisation of the magnetic separation tails via XRD and SEM after 
roasting at 1225°C for 30 min revealed that bastnaesite and monazite had undergone 
decomposition (see Reactions 1.1 and 1.2) and the rare earths were concentrated into a 
calcium rare earth oxy-silicate phase with formula Ca2REE8(SiO4)6O2. It was suggested by 
Gao et al. (2012a) that further recovery of rare earths could be achieved via froth flotation, 
gravity or magnetic separation, though the grain size of the calcium-rare earth silicate phase 
was not reported. Similarly, a study by She et al. (2016) into the mechanism of iron reduction 
and the transformation of rare earth minerals in Bayan Obo iron ore during direct reduction 
also found that rare earth minerals underwent decomposition with the rare earths 
concentrating  into calcium rare earth silico-phosphate and rare earth oxy-silicate phases of 
formulae (Ca3Ce2[(Six, P1-x)O4]3F3(1-x)) and [Ce4.667(SiO4)3O] respectively. As well, Elwert et 
al. (2014) studied the behaviour of Nd and Dy in an Al2O3-CaO-MgO-P2O5-SiO2 slag system 
and found that in the presence of phosphate, the rare earths concentrated into a silico-
phosphate mineral phase identified as britholite during slag cooling. These synthetic rare 
earth minerals could be concentrated further via mineral beneficiation, yet the grain size of 
britholite was found to be very small and fine grinding would be required to effect liberation. 
Furthermore, collector and depressant combinations that can be used for flotation of britholite 
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are unknown. Britholite and the rare earth oxy-silicates are isostructural with apatite (Ito, 
1968; Noe et al., 1993); reagents used in the flotation of apatite bearing ores could potentially 
be applied in the recovery of britholite and rare earth oxy-silicates from slag via froth 
flotation.  
            
1.7. Summary of literature review 
 
A survey of research conducted to date on the application of ferrous pyrometallurgy to the 
processing of fine grained Fe-REE-Nb ores suggests that such an approach is promising. 
Many of the key challenges found in the processing of Bayan Obo ore such as fine 
dissemination of minerals and complex mineralogy can be addressed whilst enabling the 
comprehensive utilisation of such ores. Similar challenges are encountered in the 
beneficiation of a number of Fe-REE ores outside of China and pyrometallurgical processing 
could address these issues; although the amount of research conducted on ores outside of 
China is severely limited.  
 
Whilst certain problems can be addressed through pyrometallurgical processing, new 
challenges are also created. Issues regarding the control of phosphorus do not appear to have 
been resolved in the processing of Bayan Obo ore by direct reduction or smelting. Hence 
direct reduction or smelting of Fe-REE ores may not be practical where the primary rare earth 
bearing minerals are phosphates or where fluorapatite is a major gangue mineral. The 
recovery of the valuable element niobium during direct reduction or smelting is also a 
challenge. The niobates can undergo reduction to form niobium metal or its carbide which 
has a high solubility in metallic iron, or Nb (V) can be reduced to lower valence state oxides 
that remain in the slag. Proper control of the roasting or smelting conditions can address these 
issues and offer selectivity with respect to niobium distribution.  
 
A final point is the issue of changes to rare earth mineralogy during pyrometallurgical 
processing and the impact on downstream recovery. The high temperatures involved in direct 
reduction and smelting processes results in the destruction of the original gangue and rare 
earth mineralogy and formation of complex slags in which the rare earths are present as 
  Chapter 1 
35 
 
calcium rare earth silicophosphate minerals. Research conducted to date has only addressed 
the primary separation of iron from the rare earth enriched slag, and literature on the further 
processing of the slag for rare earth recovery by mineral beneficiation is limited. The change 
in rare earth mineralogy likely means that the surface chemical properties of these newly 
formed synthetic minerals is different to the original minerals and reagent schemes used in 
flotation of bastnaesite and monazite may not be applicable. Research into the surface 
chemical properties of rare earth silicophosphates are required in order for reagent schemes to 
be developed. 
 
1.8. Scope of project   
 
As has been discussed in this chapter and will also be discussed further in Chapter 2, the 
physical beneficiation of rare earth ores in which iron oxides are present as major gangue is 
technically challenging. Research that has been conducted into the pyrometallurgical 
processing of Bayan Obo Fe-REE-Nb ores as an alternative to physical beneficiation to 
recover the contained rare earth and iron values is promising, however research conducted on 
the pyrometallurgical processing Fe-REE ores outside of China is deficient. The limited 
research that has been performed on rare earth ores outside of China has focused on high 
temperature smelting of ores to produce pig iron and a rare earth enriched slag which is 
processed via hydrometallurgy and there is no published literature on the processing of Fe-
REE ores via lower cost thermochemical processing routes such as magnetising roasting and 
magnetic separation nor on the stability of rare earth minerals under such processing 
conditions.  
 
The geology and mineralogy of iron-rich rare earth deposits is quite varied however as was 
mentioned in Section 1.1, the majority of these deposits are oxidised and are lateritic, having 
been derived from the weathering of primary carbonatites. Given that lateritic rare earth 
deposits are the most numerous of iron-rich rare earth deposits outside of China, focusing on 
this class of rare earth deposits represents a reasonable starting point. The primary aim of this 
thesis was to research the feasibility of magnetising roasting and magnetic separation for the 
beneficiation of lateritic rare earth bearing ores as an alternative or to complement 
conventional mineral dressing processes.   
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The specific aims of the research project were the following:  
    
- To perform detailed characterization of a lateritic rare earth bearing ore and determine 
if a suitable pyrometallurgical processing route is available for processing such an ore  
 
- To perform magnetic roasting studies on a lateritic rare earth ore to determine if 
thermochemical conversion of iron (III) oxides to a ferromagnetic form can readily 
take place and under what sort of physical conditions, and to  investigate the 
mineralogical changes taking place and stability of rare earth minerals during roasting 
 
- To perform magnetic separation studies on roasted ore to determine if  iron, after 
thermochemical conversion  to a ferromagnetic state can be selectively removed from 
rare earth and accompanying gangue minerals by application of a low intensity 
magnetic field, to track the deportment of key species and mineralogy during 
magnetic separation  
 
Specific research questions were the following:  
 
- What are the characteristics of the studied ore that makes conventional beneficiation 
challenging?  
 
- Can thermochemical treatment of the ore result in magnetization of the iron minerals 
for subsequent separation by low intensity magnetic separation?  
 
 
- What is the behaviour of rare earth and gangue minerals under high temperature 
reducing conditions and how will these changes impact downstream processing?  
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- Can the roasting process be suitably scaled up and can iron be selectively removed 
from the rare earths by application of a low intensity magnetic field thus producing a 
rare earth enriched product and an iron concentrate suitable for further processing? 
  
The implications of these findings are both economic and environmental. Application of 
magnetising roasting and magnetic separation would enable the utilisation of ferruginous rare 
earth ores which have defied satisfactory treatment by conventional mineral dressing routes 
due to the presence of iron (III) oxides, and would also enable the recovery of contained iron 
which ordinarily would be disposed of as tailings. The findings of this thesis may be of 
assistance to the metallurgist or research scientist confronted with the challenge of 
determining how best to beneficiate ferruginous rare earth ores, particularly those derived 
from the weathering of primary carbonatites. 
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Chapter 2: 
Characterisation of a Ferruginous Rare 
Earth Bearing Lateritic Ore and Processing 
Implications  
 
 
 
 
 
 
 
In the following chapter, detailed characterisation of a lateritic rare earth ore formed from the 
weathering of a primary carbonatite was carried out to determine the mode of occurrence and 
distribution of rare earths and gangue species in the ore. The ore was characterised by a 
number of techniques including chemical analysis, quantitative X-ray diffraction, screen 
analysis, QEMSCAN and SEM/EDX. The primary rare earth bearing mineral identified was 
monazite in its various forms; florencite the other rare earth mineral identified is of secondary 
importance. The main gangue species was goethite with lesser amounts of dolomite and 
apatite. Screen analysis of the crushed ore shows that it consists predominantly of fine and 
ultra-fine particles below 38 μm with the rare earths and iron distributing in the finer size 
fractions. Microstructural characterisation of the rare earth minerals in crushed ore showed 
that the rare earth minerals were of very fine grain size and occurred as polycrystalline 
aggregates and fine disseminations in gangue. In light of these findings, potential processing 
options are discussed which are also applicable to the beneficiation of other ferruginous rare 
earth bearing ores of similar mineralogy.           
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2.1. Introduction 
 
Currently there is significant interest in the exploitation of supergene rare earth bearing 
lateritic deposits. These deposits are typically formed by the chemical weathering of primary 
carbonatite ore bodies under oxidising and acidic conditions which results in the breakdown 
of primary minerals and the formation of Fe-Mn oxides/oxy-hydroxides, clays, alumino-
phosphates, secondary apatites and minor carbonates (Linnen et al., 2014; Verplanck et al., 
2014). As a result of the weathering process, lateritic deposits are enriched in rare earths and 
a number of other elements such as niobium (Nb), tantalum (Ta), phosphorus (P), iron (Fe), 
titanium (Ti) and zirconium (Zr) (Jaireth et al., 2014; Linnen et al., 2014; Verplanck et al., 
2014). The primary advantages of these weathered deposits relative to primary or unaltered 
carbonatites lie in the fact they are high grade, high tonnage surficial deposits that can be 
subjected to low cost open pit mining (Cocker, 2014; Linnen et al., 2014; Mitchell, 2015).  
 
A large number of lateritic rare earth deposits exist; some prominent examples of such 
deposits  include Mount Weld in Australia, grading at 9.8 wt% total rare earth oxides  
(REOT) (Jaireth et al., 2014), Cummins Range also in Australia, grading at 1.72 wt% REOT 
(Jaireth et al., 2014), Araxá in Brazil, grading at 4.4 wt% REOT (Linnen et al., 2014), Catalão 
I also in Brazil grading at 5.5 wt% REOT (Zhou et al., 2017) and the Chuktukon and Tomtor 
deposits located in Siberia (Russia) grading at 7.1 wt% and 10.2 wt% REOT, respectively 
(Kuzmin et al., 2012). Of the listed examples, only the Mount Weld deposit is currently being 
exploited for its rare earth content (Haque et al., 2014) whilst the Araxá and Catalão I 
deposits are exploited for their niobium mineral content (Linnen et al., 2014; Verplanck et al., 
2014). Rare earth mineralogy in lateritic deposits typically comprises various rare earth 
phosphate minerals such as secondary monazite, florencite, crandallite, rhabdophane and 
accessory minerals such as cerianite and bastnaesite which concentrate the light rare earths 
(LRE) whilst the heavy rare earths (HRE) are concentrated in yttrium phosphates (xenotime 
and churchite) (Cocker, 2014; Linnen et al., 2014; Verplanck et al., 2014). Texturally, the 
rare earth minerals in lateritic deposits are usually very fine grained and occur as 
polycrystalline aggregates or as intergrowths with iron oxides (Mitchell, 2015; Verplanck et 
al., 2014); the textural characteristics of rare earth minerals in weathered carbonatites renders 
mineral beneficiation challenging.  
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Literature on the beneficiation of lateritic rare earth bearing ores is limited. Chan (1992) 
carried out studies on the beneficiation of a supergene monazite ore from the Mt Weld 
deposit in Western Australia where goethite and to a lesser extent apatite and dolomite 
comprised the gangue. Due to the fine grained nature of the ore, processes typically used in 
the beneficiation of coarse sized monazite-bearing heavy mineral sands (gravity, magnetic 
and electrostatic separation) failed to produce a rare earth concentrate and conventional 
flotation techniques employing either direct flotation of the rare earths or reverse flotation did 
not produce a rare earth enriched product (Chan, 1992). Satisfactory recovery of rare earths 
could be achieved through desliming of the feed followed by froth flotation using a complex 
reagent addition scheme consisting of an emulsified fatty acid collector with starch and 
sodium sulfide as gangue depressants and sodium silicate as a dispersant (Chan, 1992).  
 
Guy et al. (2000) also performed beneficiation studies on a goethitic monazite bearing ore 
from the Mt Weld deposit where it was found that magnetic separation could not reject 
goethite and produce a rare earth enriched product. The only satisfactory method for 
recovering a monazite concentrate was through a desliming step followed by froth flotation 
using a reagent addition scheme consisting of a fatty acid collector, starch as an iron oxide 
depressant, sodium sulfide as a monazite activator, and quebracho (tannin) as a depressant in 
the cleaning stages of flotation (Guy et al., 2000).  In both studies desliming was necessary 
though it resulted in the loss of a considerable proportion of rare earths to the slimes (Chan, 
1992; Guy et al., 2000). The Mount Weld deposit is currently being mined and processed for 
its rare earth content and beneficiation is being carried out by froth flotation (Haque et al., 
2014); hence many of the challenges associated with beneficiation of the ore have been 
overcome. 
 
Other lateritic rare earth deposits which have been investigated for rare earth recovery 
include the Chuktukon and Tomtor deposits of Russia (Kuzmin et al., 2012), a saprolitic rare 
earth ore from the Catalão I deposit (Tassinari et al., 2001) and a rare earth-niobium-
phosphate ore from the Araxá deposit (Neumann and Medeiros, 2015). For all ores rather 
unconventional approaches were required for recovering the contained rare earth values. In 
the study conducted by Neumann and Medeiros (2015) the complex mineralogy and very fine 
grain size of the rare earth minerals meant that the ore was not amenable to physical 
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concentration methods and a direct hydrometallurgical extraction process was proposed as an 
alternative. In the study conducted by Kuzmin et al. (2012) on the Chuktukon deposit of 
Russia, the complex mineralogical and textural characteristics of the studied ore meant that 
physical beneficiation was not practical and unique processes based on direct 
hydrometallurgical extraction of the rare earths, or a combination of pyrometallurgy and 
hydrometallurgy were proposed. Finally, in the study carried out by Tassinari et al. (2001), a 
monazite beneficiation process was developed based on multiple stages of scrubbing and 
desliming to break up monazite aggregates and recover an ultra-fine monazite concentrate 
(Tassinari et al., 2001). The case studies presented show the challenges associated with the 
beneficiation of lateritic rare earth ores and highlights the opportunities for the development 
of unique beneficiation processes to address these challenges.  
 
In this chapter, detailed characterisation of a ferruginous rare earth bearing ore, derived from 
the weathering of a primary carbonatite was conducted. Chemical analysis (XRF, ICP-
OES/MS) and quantitative X-ray diffraction (QXRD) was carried out on the ore. Sieve 
analysis of the ore was performed; individual sieve size fractions were characterised by 
chemical analysis and QXRD and deportment of key species across the size fractions were 
determined. The textural characteristics and microstructural composition of rare earth 
minerals was performed using SEM/EDX (Scanning Electron Microscopy/ Energy 
Dispersive X-ray analysis), and liberation characteristics and grain size distribution of the 
rare earth minerals was carried out using QEMSCAN (Quantitative Evaluation of Minerals 
by SCANning electron microscopy). The impacts of these findings on beneficiation processes 
aiming at recovering rare earths from this ore were discussed. 
 
2.2. Materials and Methods 
2.2.1. Materials 
 
A crushed composite sample of rare earth ore (20 kg, P80 1.18 mm) was sourced from a 
lateritic deposit, the weathering product of a primary carbonatite ore body. The ore sample 
was blended and riffled to produce 2.5 kg batches, of which one 2.5 kg batch was further 
riffled to produce sub-samples (50 g) for head grade determination and screen analysis.   
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2.2.2. Screen analysis 
 
A sub-sample of ore obtained by riffling (50 g) was mixed with 190 ml of water and 10 ml of 
dispersant (0.5% Cataflot P40) and conditioned for 20 min in a jar mill to disperse the ore 
prior to wet screening. The sample was subsequently wet screened on a 38 μm sieve using a 
fine mist water spray. The resultant +38 μm fraction was collected and dried in an oven 
overnight at 60°C in air. The dried +38 μm fraction was weighed and added to the top size 
sieve (2.36 mm) and subjected to dry sieving for 20 min. Material retained on the individual 
screens (2.36, 1.18, 0.6, 0.3, 0.106, 0.053 and 0.038 mm) was weighed and the masses 
recorded. The -38 μm fraction collected from wet screening was subjected to sub-sieving via 
decantation in order to separate the -10 μm slimes. The wet product was dispersed in tap 
water in a 2 L beaker with the addition of 10 ml of 0.5% Cataflot P40 and mechanically 
agitated. After settling for 15 min the supernatant liquid containing the fine solids was 
siphoned off into an 8 L bucket using vacuum. This whole procedure was repeated 3 more 
times until a clear supernatant liquid was obtained. A 15 min settling time was chosen to 
provide separation at 10 μm for goethite. The sediment remaining in the beaker (-38 +10 μm 
product) was dried in an oven overnight at 60°C, weighed, the mass recorded and combined 
with the -38 μm fraction obtained from dry sieving. The slimes collected in the 8 L bucket 
were allowed to settle overnight with 10 ml of 10% potassium alum added as a flocculent. 
After settling, the supernatant was discarded and the -10 μm material dried in an oven at 
60°C overnight and the dried product weighed and recorded. A total of eight size separates 
were generated which were pulverized in a ring mill for elemental and mineralogical analysis. 
 
2.2.3. Characterisation methods 
2.2.3.1. Elemental composition (XRF, ICP-MS and ICP-OES) 
 
Each sample was prepared for chemical and mineralogical analysis by pulverising in a 
chromium steel puck mill. Chemical analysis was performed by a combination of X-Ray 
Fluorescence (XRF) and Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). 
Inductively coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used for analysis 
of total sulfur (inorganic and organic). All elements were expressed on an oxide basis except 
for sulfur.  
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For XRF analyses the sample preparation involved accurately weighing 0.5 g of each of the 
samples into 95% Pt/Au crucibles with approximately 5 g of 12:22 lithium tetraborate: 
metaborate flux previously dried at 550ºC. The sample was pre-oxidised over an oxy-propane 
flame burner to bring the contents of the crucible to between 650ºC to 700ºC while oxygen 
was bled into the top of the crucible. The sample was held at this temperature for 5 min 
before the mixture was fused into a homogeneous melt over an oxy-propane flame at a 
temperature of 1050ºC for 10 min. A commercially available ammonium iodide doped 
cellulose tablet was added 100 s before the molten glass was poured into a 32 mm diameter 
95%Pt/Au mould heated to a similar temperature. Air jets then cooled the mould and melted 
for approximately 300 s. The resulting glass discs were analysed on a Philips PW2404 XRF 
system. 
 
Sample preparation for ICP-MS involved accurately weighing 0.1g of each of the samples 
followed by lithium borate fusion of each sample and mixed acid digestion using 10% HCl 
with 0.5% HF acid. The digest solutions were diluted appropriately for analysis using an 
Agilent 7700 ICP-MS instrument. Total sulfur analysis was performed by ICP-OES; 0.1g of 
each sample was accurately weighed and digested with nitric acid and bromine. After 
digestion the solution was made to a 100 ml volume and analysed for sulfur using an Agilent 
730 ICP-OES instrument.  
2.2.3.2. Loss on ignition (LOI) 
 
Firstly, 0.5 g of powdered sample was accurately weighed and evenly spread out into a 
platinum lined alumina boat. The boat was then placed into the hot zone of an electrically 
heated tube furnace and heated to 1000°C at a ramp rate of 15°C/min and held at temperature 
for 4 hours. After cooling to room temperature, the sample was reweighed and the mass loss 
computed; this mass loss represents the LOI at 1000°C.       
2.3.3. QXRD 
 
Quantitative phase analysis (QPA) was performed on the head sample and the sieve size 
fractions of crushed ore that had been pulverised (Section 2.2.3.1). The pulverised samples 
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were micronised in ethanol in a McCrone microniser for 20 min, centrifuged to remove 
excess ethanol and dried at 60°C. XRD data was collected from 5-140° 2θ using a 
PANalytical MPD instrument fitted with a cobalt tube (cobalt Kα radiation) operated at 40 
kV and 40 mA. Quantitative phase analysis was carried out via the Rietveld method (Hill and 
Howard, 1987; Rietveld, 1969) using the software, TOPAS V5 (Bruker, 2013). The crystal 
structure information was obtained for goethite (Gualtieri and Venturelli, 1999), hematite 
(Blake et al., 1966), ilmenite (Yamanaka et al., 2007), monazite (Pepin and Vance, 1981), 
florencite (Kato, 1990), calcium cerium phosphate (Zubkova et al., 2003), fluorapatite (Bale, 
1940), dolomite (Steinfink and Sans, 1959), quartz (Antao et al., 2008), kaolinite (Zvyagin, 
1960), muscovite (Güven and Burnham, 1967)  and iron (III) phosphate (Andersson et al., 
2000). The results of QPA were verified against the bulk chemical compositions of the head 
sample and sieve size fractions as measured by XRF.     
2.3.4. Grain size distribution and liberation of rare earth minerals    
 
The grain size distribution and liberation of rare earth minerals was determined by 
QEMSCAN. Sub- samples from eight sieve size fractions (+2360, -2360 +1180, -1180 +600, 
-600 +300, -300 +106, -106 +53, -53 +38 and -38 +10 μm) were prepared for analysis by 
blending with graphite to disperse the particles followed by encapsulation in epoxy 
resin. After the resin cured, the samples were polished with a series of sequentially finer 
polishing media with a final polish using 1 µm diamond paste. The polished blocks were then 
coated with carbon and mapped using a QEMSCAN E4300 automated mineralogy system 
and an SIP (Species Identification Profile) customised for this ore sample. Each block was 
mapped and the results combined to determine the rare earth mineral grain size distribution 
and liberation characteristics. The mineral species were grouped as listed in Table 2.1.  
2.3.5. SEM/ EDX Analysis 
 
Back-scattered electron (BSE) imaging was performed on polished resin mounts of size 
fractions of crushed ore prepared in Section 3.3.4 using an FEI Quanta 400 FEG-ESEM. The 
instrument was operated at high vacuum (<10
-5
 Torr), an accelerating voltage of 15 kV and a 
beam current of 0.3nA. The chemistry of individual phases was determined by performing 
standardless semi-quantitative EDX analyses and data collected using a Bruker X-Flash 5010 
ED detector. 
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Table 2.1: QEMSCAN mineral groupings 
 
Mineral group Minerals included in the group 
Rare Earth Minerals REE orthophosphates and REE-bearing aluminophosphates 
REM Mn/Fe 
intergrowths 
Fe oxide particles with small inclusions of REE minerals and REE 
phosphates intergrown with Fe oxides 
Fe/Mn oxides Iron oxides and oxyhydroxides with some Mn substitution 
Apatite Fluorapatite and Ca phosphate 
Dolomite/Ankerite Ca(Mg, Mn, Fe) carbonates 
Quartz Quartz and high Si phases 
Ti Minerals Ilmenite and high Ti phases 
Other Phosphates 
Phases containing some phosphorus but which do not correspond to 
defined phosphate minerals 
Other Silicates 
High Si and Al phases such as kaolinite, micas, pyroxenes, feldspars 
and garnets 
Others All other phases not included above 
 
2.3. Results and Discussion 
2.3.1. Ore characterisation 
2.3.1.1. Screen analysis   
 
The screen and sub-sieve analysis of the crushed ore is shown in Table 2.2. The cumulative 
weight percentage passing versus nominal sieve size was plotted as a log-log plot (Gates-
Gaudin-Schumann plot) and is shown in Figure 2.1. A significant amount (more than 50%) of 
the material is present as particles finer than 38 micron (μm). Sub-sieve analysis performed 
on the minus 38 μm fraction revealed that 20.1 wt% of the total material is present as 
particles in the size range of -38 +10 μm, whilst 33.7 wt% of the total material is present as 
particles below 10 μm. From Figure 1, the 80 and 50% passing size (D80 and D50) were 
graphically determined and found to be 1000 μm and 30 μm respectively. The results from 
the sieve analysis and sub-sieve analysis of the -38 μm fraction suggests that the crushed ore 
consists predominantly of fine and ultrafine particles with more than 50 wt% of the ore being 
finer than 38 μm. 
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Table 2.2: Screen analysis of crushed ore 
 
 
Sieve size range (mm) Nominal sieve size (μm) Wt% retained Cumulative wt% passing 
+2.36 2360 11.1 88.9 
-2.36 +1.18 1180 8.6 80.3 
-1.18 +0.6 600 6.0 74.3 
-0.6 +0.3 300 4.9 69.4 
-0.3 +0.106 106 5.8 63.6 
-0.106 +0.053 53 6.3 57.3 
-0.053 +0.038 38 3.8 53.5 
-0.038 +0.010 10 20.1 33.4 
-0.010 0 33.7 0 
 
 
 
 
Figure 2.1: Gates-Gaudin-Schumann plot of cumulative mass percent passing versus 
nominal sieve size (μm) for crushed ore. 
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2.3.1.2. Chemical composition  
 
Chemical composition of the head sample is presented in Table 2.3. The feed material is rich 
in rare earths with the rare earth oxide grade in the head sample being 7.65 wt% which is 
comparable to a number of lateritic rare earth deposits previously mentioned (Section 2.1). 
The head sample is abundant in the light rare earth oxides (LREO) making up 95% of the 
total rare earth oxides in the feed and sieve size fractions; the cerium (3.72 wt% CeO2), 
lanthanum (1.77 wt% La2O3), neodymium (1.37 wt% Nd2O3) and praseodymium (0.445 wt% 
Pr6O11) contents in the feed were particularly high. The ore is slightly enriched in the medium 
rare earth oxides (MREO) samarium (0.169 wt% Sm2O3), gadolinium (801 ppm Gd2O3) and 
europium (359 ppm Eu2O3) with the MREO making up 3.7% of the total. The concentration 
of yttrium and heavy rare earth oxides (HREO) in the feed was low making up less than 1%.  
Niobium was identified in the ore at a concentration of 0.364 wt% Nb2O5 and is an element 
of potential by-product value.  
 
The primary gangue elements identified in the head sample were iron (45.6 wt% Fe2O3) and 
to a lesser extent calcium (7.37 wt% CaO) and phosphorus (7.43 wt% P2O5). Other minor 
gangue elements identified were silicon (6.18 wt% SiO2), aluminium (3.65 wt% Al2O3), 
magnesium (2.12 wt% MgO), manganese (3.04 wt% Mn3O4) and titanium (2.43 wt% TiO2). 
The concentrations of deleterious elements such as PbO (237 ppm), ThO2 (580 ppm) and 
U3O8 (27 ppm) was very low and is highly advantageous from a concentrate quality 
perspective. The chemical composition of the sieve size fractions and calculated head are also 
presented in Table 2.3. There is a general trend of rare earth oxide content increasing with 
decreasing sieve size with the lowest rare earth content occurring in the +2.36 mm fraction; 
similar trends are also observed for Fe, Al, Nb, Th and other many other species present in 
the ore. Calcium and magnesium display an opposite trend to the rare earths and other species 
with the Ca and Mg-oxide contents decreasing with sieve size.  The calculated head was 
computed based on the size distribution and assays of the size fractions and there is generally 
a good agreement between the calculated and assay head for the majority of species analyzed.
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Table 2.3: Chemical composition of the head sample (HS), sieve size fractions (mm) and 
the calculated head (CH) 
 
Species HS CH +2.36 -2.36 
+1.18 
-1.18 
+0.6 
-0.6 
+0.3 
-0.3 
+0.106 
-0.106 
+0.053 
-0.053 
+0.038 
-0.038 
+0.010 
-
0.010 
Al2O3 (wt%) 3.65 3.93 1.87 2.21 2.56 2.69 2.91 3.81 4.12 3.82 5.67 
BaO (wt%) 0.288 0.297 0.370 0.355 0.359 0.304 0.340 0.353 0.341 0.304 0.217 
CaO (wt%) 7.37 7.09 16.2 11.6 11.8 12.7 11.1 7.91 5.55 5.15 1.72 
CeO2 (wt%) 3.72 3.65 2.59 3.52 3.73 4.40 4.13 3.91 4.44 4.41 3.19 
Fe2O3 (wt%) 45.6 45.8 30.8 40.4 40.5 38.1 39.6 43.6 47.5 48.0 53.7 
K2O (wt%) 0.094 0.110 0.127 0.097 0.080 0.073 0.120 0.108 0.090 0.083 0.135 
La2O3 (wt%) 1.77 1.74 1.05 1.42 1.69 2.08 1.98 1.96 2.25 2.26 1.56 
MgO (wt%) 2.12 2.08 4.77 3.52 2.65 2.31 0.99 1.12 1.31 1.99 1.19 
Mn3O4 (wt%) 3.04 3.10 4.30 3.90 3.26 2.87 3.12 3.14 2.64 2.60 2.83 
Na2O (wt%) 0.087 0.069 0.011 0.032 0.055 0.058 0.093 0.085 0.059 0.100 0.077 
Nb2O5 (wt%) 0.364 0.360 0.205 0.291 0.313 0.318 0.346 0.434 0.497 0.500 0.330 
Nd2O3 (wt%) 1.37 1.35 0.863 1.10 1.35 1.67 1.57 1.51 1.70 1.72 1.20 
P2O5 (wt%) 7.43 7.19 9.13 7.87 9.57 11.3 11.4 9.18 7.89 6.88 4.29 
Pr6O11 (wt%) 0.445 0.437 0.322 0.382 0.452 0.539 0.499 0.474 0.535 0.543 0.377 
SiO2 (wt%) 6.18 6.08 8.26 5.60 4.90 4.61 6.80 6.17 4.42 4.20 7.03 
Sm2O3 (wt%) 0.169 0.168 0.114 0.131 0.167 0.207 0.196 0.186 0.206 0.212 0.148 
S (wt%) 0.14 0.17 0.12 0.11 0.13 0.14 0.19 0.17 0.19 0.14 0.22 
SrO (wt%) 0.313 0.296 0.270 0.264 0.353 0.419 0.424 0.405 0.377 0.320 0.215 
TiO2 (wt%) 2.43 2.33 1.51 1.94 2.45 2.55 4.08 4.69 4.43 3.53 0.93 
ZnO (wt%) 0.364 0.374 0.248 0.269 0.246 0.233 0.270 0.310 0.309 0.360 0.529 
ZrO2 (wt%) 0.076 0.076 0.039 0.056 0.072 0.083 0.126 0.105 0.110 0.097 0.062 
Y2O3 (ppm) 387 369 267 305 368 444 432 406 432 432 343 
Eu2O3 (ppm) 359 349 255 289 347 417 417 371 440 440 301 
Gd2O3 (ppm) 801 775 553 645 772 922 934 818 968 968 680 
Tb4O7 (ppm) 56 55 40 46 55 64 66 59 67 68 49 
Dy2O3 (ppm) 155 147 108 115 149 172 172 161 184 172 138 
PbO (ppm) 237 286 280 291 226 226 248 269 312 302 302 
ThO2 (ppm) 580 630 353 455 626 603 660 637 728 797 649 
U3O8 (ppm) 27 28 20 21 24 25 24 25 26 31 33 
LOI (wt%) 13.1 13.4 15.8 14.3 12.7 11.7 8.6 9.8 10.2 12.8 14.8 
REOT (wt%) 7.65 7.49 5.06 6.69 7.56 9.10 8.57 8.22 9.33 9.35 6.62 
%LREO 95.4 95.4 95.2 95.9 95.5 95.4 95.3 95.4 95.5 95.4 95.4 
%MREO 3.73 3.72 3.85 3.36 3.68 3.74 3.86 3.71 3.71 3.77 3.72 
%HREO 0.88 0.85 0.92 0.78 0.85 0.84 0.87 0.85 0.82 0.81 0.90 
Mass (%) - 100.0 11.1 8.6 6.0 4.9 5.8 6.3 3.8 20.1 33.7 
 
%LREO – Percentage of light rare earth oxides; [La2O3 + CeO2 + Pr6O11 + Nd2O3]/REOT x 
100 
 
%MREO – Percentage of medium rare earth oxides; [Sm2O3 + Eu2O3 + Gd2O3]/REOT x 100 
 
%HREO – Percentage of heavy rare earth oxides including Y2O3; %HREO = 100 – (%LREO 
+ %MREO)  
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Table 2.4: Mineral compositions (relative crystalline wt%) of the head sample (HS), sieve size fractions (mm) and calculated head (CH) 
as determined by the Rietveld method 
 
Mineral phase Chemical formula HS CH +2.36 
-2.36 
+1.18 
-1.18 
+0.6 
-0.6 
+0.3 
-0.3 
+0.106 
-0.106 
+0.053 
-0.053 
+0.038 
-0.038 
+0.010 -0.010 
Hematite Fe2O3 4.2 4.6 3.8 6.7 6.4 6.6 7.5 7.6 6.1 6.0 1.7 
Goethite FeOOH 56.2 60.0 38.1 46.0 46.4 43.7 47.1 52.6 58.3 59.3 79.9 
Ilmenite FeTiO3 1.9 1.8 1.2 1.6 1.9 2.0 3.4 3.4 2.4 2.3 1.1 
Iron phosphate FePO4 0.9 0.6 - - - - - 0.9 1.0 1.0 0.8 
Monazite (Ce, La, Nd, Ca)PO4 6.7 6.8 6.2 7.7 7.1 8.1 7.5 7.1 7.9 8.3 5.2 
Ca-Ce phosphate (Ca, Ce)PO4 2.9 3.1 1.4 1.7 2.4 3.4 3.3 3.2 3.7 3.6 3.6 
Florencite CeAl3(PO4)2(OH)6 3.7 3.3 1.5 2.3 3.1 3.8 3.8 4.9 5.1 4.4 2.9 
Dolomite CaMg(CO3)2  9.3 7.4 21.9 17.8 13.4 9.8 3.2 3.2 7.1 7.6 - 
Fluorapatite Ca5(PO4)3F 11.0 8.6 18.0 12.5 15.1 18.2 19.2 12.9 5.9 5.5 1.6 
Quartz SiO2 2.7 2.4 7.0 3.5 3.2 3.4 4.9 3.7 1.7 1.2 0.3 
Kaolinite Al2Si2O5(OH)4 0.5 1.0 0.9 0.2 0.9 1.0 0.1 0.7 0.2 0.6 1.7 
Muscovite KAl2(Si, Al)4O10(OH)2 - 0.5 - - - - - - 0.6 0.2 1.2 
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2.3.1.3. Bulk ore mineralogy   
 
The bulk mineralogical composition of the head sample and individual sieve size fractions as 
determined by QXRD is shown in Table 2.4. Rare earth (RE) bearing minerals identified in 
the head sample were monazite [(La, Ce, Nd, Ca)PO4 – 6.7 wt%], florencite 
(CeAl3(PO4)2(OH)6 – 3.7 wt%) and (Ca, Ce)PO4 (2.9 wt%), a calcium-cerium orthophosphate 
species with the monazite crystal structure (Zubkova et al., 2003). No distinct yttrium/HREE 
and niobium bearing minerals could be identified by QXRD. The normalized percentage of 
each RE mineral is presented in Table 2.5 where it can be seen that monazite (including Ca-
Ce phosphate) makes up more than 70% of the total RE minerals with florencite accounting 
for the balance; hence monazite is the chief RE mineral in the ore. Despite the secondary 
importance of florencite, its recovery is still important for efficient resource utilization.  
 
Table 2.5: Fractional distribution of each rare earth mineral in the head sample as 
measured by QXRD as a percentage of the total RE minerals measured (normalized 
wt%) 
 
 
Phase Monazite Ca-Ce phosphate Florencite Total 
Relative crystalline wt% 6.7 2.9 3.7 13.3 
Normalised wt% 50.4 21.8 27.8 100.0 
 
The primary iron mineral present in the feed material was goethite (FeOOH – 56.2 wt%), 
accounting for more than half by weight of the ore and is the main gangue mineral. Other iron 
oxides identified in smaller amounts were hematite (Fe2O3 – 4.2 wt%) and ilmenite (FeTiO3 – 
1.9 wt%). Dolomite (CaMg(CO3)2 – 9.3 wt%) and fluorapatite (Ca5(PO4)3F – 11.0 wt%) were 
the other major gangue minerals identified in the ore. The mineralogy of the sieve size 
fractions was consistent and did not differ considerably from the head sample with only the 
proportion of each species varying. The goethite and monazite content were observed to 
generally increase with decreasing sieve size and is consistent with chemical assays which 
showed high rare earth and iron oxide content in the finer sieve size ranges (Table 2.3). 
Dolomite and fluorapatite content was high in the coarser sieve size fractions (+300 μm) 
which was also consistent with chemical assays (Table 2.3). The bulk mineralogy of this ore 
is consistent with lateritic deposits associated with the chemical weathering of primary 
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carbonatites under oxidising and acidic conditions (Cocker, 2014; Linnen et al., 2014). For 
most mineral species identified by QXRD there was a good agreement between the head 
sample and the calculated head. There were some discrepancies for dolomite and apatite 
which is likely due to the mineralogy of the -0.010 mm fraction altering the material balance 
calculation. The poor crystallinity of this size fraction has probably resulted in some mineral 
phases being under estimated whilst others such as goethite are over estimated.  
2.3.1.4. Distribution of rare earths and other species 
 
The elemental distribution by size of rare earths and other species across the sieve size 
fractions is presented in Table 2.6 and some key species are shown diagrammatically in 
Figure 2.2.  
 
 
Figure 2.2: Mass distribution and distribution of rare earth oxides (REO) and key 
gangue species (CaO, Fe2O3, MgO) across the sieve size fractions. 
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Table 2.6: Distribution of rare earths, gangue and other elements of interest present in 
the ore (oxide basis) across the sieve size fractions (mm) 
 
Species +2.36 -2.36 
+1.18 
-1.18 
+0.6 
-0.6 
+0.3 
-0.3 
+0.106 
-0.106 
+0.053 
-0.053 
+0.038 
-0.038 
+0.010 
-0.010 
LOI (%) 13.1 9.2 5.7 4.3 3.7 4.6 2.9 19.2 37.3 
Al2O3 (%) 5.3 4.8 3.9 3.3 4.3 6.1 4.0 19.5 48.7 
BaO (%) 13.8 10.3 7.3 5.0 6.6 7.5 4.4 20.5 24.6 
CaO (%) 25.4 14.1 10.0 8.7 9.1 7.0 3.0 14.6 8.2 
CeO2 (%) 7.9 8.3 6.1 5.9 6.6 6.8 4.7 24.3 29.5 
Fe2O3 (%) 7.5 7.6 5.3 4.1 5.0 6.0 4.0 21.0 39.5 
K2O (%) 12.8 7.6 4.4 3.2 6.3 6.2 3.1 15.1 41.3 
La2O3 (%) 6.7 7.0 5.8 5.8 6.6 7.1 4.9 26.0 30.1 
MgO (%) 25.4 14.5 7.6 5.4 2.8 3.4 2.4 19.1 19.3 
Mn3O4 (%) 15.4 10.8 6.3 4.5 5.8 6.4 3.3 16.8 30.7 
Na2O (%) 1.8 4.0 4.8 4.1 7.8 7.8 3.3 29.0 37.5 
Nb2O5 (%) 6.3 7.0 5.2 4.3 5.6 7.6 5.3 27.8 30.9 
Nd2O3 (%) 7.1 7.0 6.0 6.0 6.7 7.0 4.8 25.5 29.8 
P2O5 (%) 14.1 9.4 8.0 7.7 9.2 8.1 4.2 19.2 20.1 
Pr6O11 (%) 8.2 7.5 6.2 6.0 6.6 6.8 4.7 24.9 29.0 
SiO2 (%) 15.1 7.9 4.8 3.7 6.5 6.4 2.8 13.8 38.9 
Sm2O3 (%) 7.6 6.7 6.0 6.0 6.8 7.0 4.7 25.4 29.8 
S (%) 7.9 5.6 4.6 4.0 6.5 6.4 4.3 16.6 44.0 
SrO (%) 10.1 7.7 7.2 6.9 8.3 8.7 4.9 21.7 24.5 
TiO2 (%) 7.2 7.2 6.3 5.3 10.2 12.7 7.3 30.4 13.5 
ZnO (%) 7.4 6.2 3.9 3.0 4.2 5.2 3.2 19.3 47.6 
ZrO2 (%) 5.7 6.3 5.7 5.3 9.6 8.7 5.6 25.6 27.5 
Y2O3 (%) 8.0 7.1 6.0 5.9 6.8 7.0 4.5 23.5 31.3 
Eu2O3 (%) 8.1 7.1 6.0 5.8 6.9 6.7 4.8 25.3 29.1 
Gd2O3 (%) 7.9 7.2 6.0 5.8 7.0 6.7 4.8 25.1 29.6 
Tb4O7 (%) 8.0 7.1 6.0 5.6 6.9 6.7 4.7 24.8 30.1 
Dy2O3 (%) 8.1 6.7 6.1 5.7 6.8 6.9 4.8 23.4 31.5 
PbO (%) 10.9 8.7 4.7 3.8 5.0 5.9 4.2 21.1 35.5 
ThO2 (%) 6.2 6.2 6.0 4.7 6.1 6.4 4.4 25.4 34.7 
U3O8 (%) 8.0 6.6 5.1 4.3 4.9 5.6 3.6 22.1 39.9 
REOT (%) 7.5 7.7 6.0 5.9 6.6 6.9 4.8 25.0 29.7 
Mass (%) 11.1 8.6 6.0 4.9 5.8 6.3 3.8 20.1 33.7 
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From Table 2.6 it can be seen that the majority of elements analysed are distributed in the 
finer size fractions. From Figure 2.2 it can be seen that the rare earths and iron are 
concentrated in the finer sizes with 55% of the rare earths and 61% of the Fe being less 
than 38 μm. The similar distribution of Fe and rare earths suggests a close association 
between the two and while desliming of the crushed ore at a cut off size of 10 μm could 
remove close to 40% of the Fe and significantly upgrade the rare earth content in the ore, this 
would also result in the removal of 30% of the rare earths. Other species of interest such as 
Nb, Th and U are also seen to be distributed in the finer size fractions (Table 2.6) and have 
similar distribution patterns to the rare earths and Fe, indicating a close association between 
these elements. In contrast to the rare earths and Fe, Ca and Mg are seen to be concentrated in 
the coarse size range with approximately 58% and 53% of the Ca and Mg respectively above 
300 μm. The distribution of these species in the coarse size range suggests the possibility of 
removing a considerable proportion of the Ca and Mg present as dolomite and apatite (Table 
4) through processing material above 300 μm. Discarding the +2.36 mm fraction alone would 
theoretically remove 25% of the Ca and Mg along with 15% of the Mn and P with only 7.5% 
of the rare earths being lost to the discards. There may be some advantage to doing this given 
that the lowest REOT grade (5.06 wt% - Table 2.3) and content of ‘critical’ magnet metals 
(Nd, Pr, Sm) occurs in this fraction.       
 
2.3.2. Microstructural characterisation of rare earth minerals  
2.3.2.1. Liberation characteristics of rare earth minerals 
 
The mass percentage of rare earth minerals (REM) (defined as monazite and florencite 
combined) in each liberation class versus sieve size range is presented as a bar chart in Figure 
2.3 (for the data used to plot Figure 2.3, refer to Appendix 1). QEMSCAN classified images 
of some REM bearing particles in the coarse and fine sieve size ranges are presented in 
Figures 2.4. Generally speaking, it can be seen in Figure 2.3 that the proportion of free (100% 
REM) and liberated (80 < x <100% REM) REM increases with decreasing sieve size. 
However, an appreciable proportion of REM in each size fraction are present as locked 
particles (0 < x ≤ 50% REM) and as middlings (50 < x ≤ 80% REM), particularly in the 
coarsest sieve size fractions (+2.36, -2.36 +1.18 mm) and finer fractions (-106 +38 μm). 
QEMSCAN classified field images of particles in the -0.3 +0.106 mm and -0.106 +0.053 mm 
  Chapter 2 
61 
 
size range presented in Figure 2.4 show that for non-liberated REM, they are mostly 
associated with iron oxides and apatite and this was observed across all size fractions (See 
Appendix 2 for QEMSCAN classified field images of other sieve size fractions). Referring 
back to Figure 2.3, it can be seen that a high proportion of RE minerals occur as free particles 
in the -1.18 +0.106 mm size range and given the high specific gravity of monazite relative to 
gangue present in the ore (See Table 2.11) this suggests the possibility of treating this size 
fraction via gravity separation to recover a rare earth concentrate ahead of comminution and 
further processing, similar to what was proposed by Guy et al. (2000) for beneficiation of a 
monazite ore from the Mt Weld deposit. However, the -1.18 +0.106 mm size fraction only 
makes up 16.7% of the feed and the rare earth content in this size range only makes up 18.5% 
of the total, hence from an economic perspective it may be difficult justifying the addition of 
a gravity separation process to treat a small fraction of the feed.   
 
 
Figure 2.3: Percentage by mass of rare earth mineral (REM) in each liberation class 
versus sieve size range (excluding the -10 μm fraction). 
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Figure 2.4: QEMSCAN classified images showing some rare earth minerals in the sieve 
size fractions of the ore; (a) -0.3 +0.106 mm size range and (b) -0.106 +0.053 mm. 
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2.3.2.2. Grain size distribution  
 
The grain size distribution of REM in the crushed ore (excluding the -10 μm fraction) is 
presented in Figure 2.5 (for the data used to plot Figure 2.5, refer to Appendix 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Grain size distribution of rare earth minerals in crushed ore (excluding the -
10 μm fraction) - Plot of mass% (primary axis) and cumulative mass% finer (secondary 
axis) versus mean REM grain size (μm). 
 
A plot of mass% finer versus mean REM grain size shows that the REM in the ore are of fine 
grain size with 80% and 50% of the REM grains being smaller than a mean size of 54 μm and 
13.5 μm respectively. A plot of the mass% versus average REM grain size shows that the 
highest proportion of REM occur with average grain sizes of 13.5 (15.5 mass%) and 9.5 μm 
(10.1 mass%) and the largest mean REM grain size being 436 μm (0.92 mass%). What is 
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clear from the grain size distribution is that the REM particles are fine grained and occur as 
polycrystalline aggregates and this is consistent with REM being of secondary origin derived 
from the weathering of a primary carbonatite (Chen et al., 2017; Linnen et al., 2014; 
Verplanck et al., 2014). 
 
2.3.2.3. Monazite textures and composition 
 
Monazite is the major RE mineral occurring in this ore as determined by QXRD (Table(s) 2.4 
and 2.5) and is therefore the most important RE mineral with respect to mineral processing 
and recovery. BSE images of some monazites are presented in Figure(s) 2.6 and 2.7. The 
textures of monazite in the ore and its crystal habit was quite variable and was found to occur 
as anhedral grains, tabular, columnar and acicular crystals, mottled/patchy textures, fibrous 
growths and vein-like disseminations. Monazite was found to occur as liberated 
polycrystalline particles (Figure 2.6a, e and Figure 2.7e) and as fine disseminations in iron 
oxides. The very fine grain size and complex textures of monazite such as acicular and 
fibrous growths, mottled and vein like dissemination suggests that fine grinding is necessary 
to achieve sufficient liberation of RE minerals and is consistent with the grain size 
distribution and liberation characteristics of the ore.  
 
It can be reasonably inferred from the crystal habits and textures of monazites presented in 
Figure(s) 2.6 and 2.7, that monazite grains with well-defined crystal boundaries (tabular, 
hexagonal, columnar, acicular) are of coarser size relative to irregular shaped monazites 
(anhedral, mottled, fibrous, vein-like)  and thus will be easier to liberate during comminution. 
Additionally, many of these irregular shaped mineral textures are likely to result in poorly 
liberated monazite grains during comminution, thus requiring fine grinding. Monazite 
particles were generally of coarser size relative to florencite (Figure 2.8) suggesting that 
monazite will be more easily liberated during grinding. Many of these observations and their 
expected impacts on RE mineral liberation should be investigated through comminution 
studies. It should also be noted however that liberation is also impacted by the hardness of the 
gangue and this should also be evaluated in future studies.    
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Figure 2.6: BSE images of monazite grains; (a) porous aggregate consisting of tabular monazite (bright phase) cemented by iron oxide (grey phase), (b) tabular monazite 
cemented by fine grained iron oxide (grey phase) and (c) mosaic of tabular monazite and very fine monazite grains (bright phases) dispersed in iron oxide (light grey) and 
fluorapatite (dark grey), (d) finely disseminated monazites (bright phases) of various crystal habits/textures inside iron oxide (light grey phase), (e) aggregate of columnar 
monazite crystals, (f) columnar monazite (bright phase) embedded in fluorapatite (grey phase), (g) growths of acicular monazite (bright phase) disseminated in Fe-oxide 
(grey phase,) and (h) fine acicular monazite (bright phase) dispersed in Fe-oxide (grey phase). Key to abbreviations used Mnz- monazite, Hex. Mnz – hexagonal monazite, 
Ap – apatite, F-bearing, FexOy – iron oxide 
        Chapter 2 
66 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: BSE images of miscellaneous monazite textures; (a), (b), (c) mottled monazite (bright phases) disseminated in iron oxide (grey phase, most likely goethite), (d) 
fibrous monazite on goethite (grey phase) accompanied by acicular monazite, (e) a liberated grain of anhedral monazite and (f) monazite veins (bright phase) disseminated 
in Nb-bearing ilmenite (light grey phase). Key to abbreviations used; Mnz – monazite 
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The composition of these monazite grains presented in Figure(s) 2.6 and 2.7 were determined 
by semi-quantitative EDX spot analysis and this is presented in Table 2.7.  
 
Table 2.7: Energy dispersive X-ray (EDX) spot analysis (relative wt%, normalized) of 
monazites and the corresponding mineral texture/crystal habit as presented in Figure(s) 
2.7 and 2.8. Order of presentation corresponds to the order of appearance in Figure(s) 
2.7 and 2.8 
 
 
Element  
(relative norm. wt%) 
Monazite  
1 
Monazite  
2 
Monazite  
3 
Monazite  
4 
Monazite  
5 
Monazite 
 6 
Monazite  
7 
Tabular Tabular  Tabular Hexagonal Columnar Columnar Acicular 
Cerium (Ce) 30.33 31.06 34.87 35.66 32.97 27.15 32.42 
Lanthanum (La) 21.54 15.37 15.25 14.60 12.52 11.79 14.70 
Neodymium (Nd) 9.30 12.42 7.20 10.30 9.02 11.09 12.30 
Praseodymium (Pr)  2.81 3.68 2.84 3.92 2.60 2.42 4.12 
Calcium (Ca) - 0.14 - - 6.39 6.09 - 
Strontium (Sr) - 0.72 0.44 - 1.01 0.86 - 
Iron (Fe)  - - - - - 3.20 - 
Phosphorus (P) 12.99 13.84 13.84 13.44 9.98 11.15 13.76 
Sulfur (S) - - - - - - - 
Oxygen (O)  23.74 22.79 23.55 22.09 25.51 26.25 22.71 
TREE  
(Ce + La + Nd + Pr) 63.97 62.52 60.16 64.48 57.11 52.45 63.54 
Ce/TREE 0.47 0.50 0.58 0.55 0.58 0.52 0.51 
  
Element  
(relative norm. wt%) 
Monazite 
 8 
Monazite  
9 
Monazite  
10 
Monazite  
11 
Monazite  
12 
Monazite  
13 
Monazite  
14 
Acicular Mottled Mottled Mottled Fibrous Anhedral Vein 
Cerium (Ce) 30.82 32.62 26.95 30.86 28.66 41.12 31.26 
Lanthanum (La) 19.87 12.67 11.11 15.86 14.64 11.49 14.34 
Neodymium (Nd) 8.94 12.28 11.66 10.41 10.8 7.11 11.57 
Praseodymium (Pr)  2.78 3.67 3.33 2.93 3.05 2.66 3.52 
Calcium (Ca) - 0.21 4.97 2.81 3.00 4.00 0.37 
Strontium (Sr) 0.93 0.95 0.94 - 0.90 - 0.91 
Iron (Fe)  - 1.72 - - - - - 
Phosphorus (P) 14.14 13.51 13.93 12.37 13.56 9.69 13.94 
Sulfur (S) - - 0.64 0.31 0.37 - - 
Oxygen (O)  22.54 22.37 26.48 24.45 25.01 23.93 24.08 
TREE  
(Ce + La + Nd + Pr) 62.41 61.24 53.05 60.06 57.15 62.38 60.69 
Ce/TREE 0.49 0.53 0.51 0.51 0.50 0.66 0.52 
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The composition of the monazites did not exhibit a great deal of variation and in all cases; 
cerium was the dominant rare earth element as indicated by the high Ce content and Ce/REE 
ratio. Generally the greatest source of compositional variation in the monazites analysed was 
in the content of impurity elements, particularly calcium and strontium. The average REE 
content in monazite was around 60% and was as low 52% (Table 2.7) whilst for florencite the 
REE content was a fraction of this and averaged around 15% (Table 2.8); hence the REE 
content in monazite was much higher relative to florencite, making monazite an important 
high-grade source of REE in the ore. Monazites were found to contain a number of minor 
impurities such as Sr, Fe and S, and Ca was found to be a significant impurity in a number of 
monazites that were analysed. The Fe content in some of the monazites is likely the result of 
sub-micron inclusions of iron oxides. Strontium and calcium are structural impurities within 
the monazites since monazite can accommodate Ca
2+
/Sr
2+
 cations within its lattice (Chen et 
al., 2017); the Sr content was generally much lower relative to florencite, the highest Sr 
content being 1% versus florencite where the highest Sr content observed was 7%. As 
previously stated, Ca was a significant impurity in monazites, reaching as high as 6% for 
columnar monazites and the Ca contents was higher relative to florencite. Calcium and 
strontium typically substitute into monazite via a coupled substitution with thorium or sulfur 
according to the following mechanisms (Chen et al., 2017): 
 
                          (2.1) 
 
                           (2.2) 
 
No thorium was detected via EDX analysis whilst a number of monazites were found to 
contain sulfur which would support the substitution mechanism in equation (2.2). The 
presence of Ca and Sr as substitutional impurities indicates that during mineral processing, 
these impurities will accompany monazite during beneficiation, thus affecting concentrate 
grade. 
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Figure 2.8: BSE images of florencite grains and cerianite veins; (a) fine monazite particles (bright phase) 
cemented by REE-bearing aluminophosphate (grey phase), (b) fine anhedral florencite-(Ce) disseminated 
in iron oxide accompanied by a complex intergrowth of florencite-(La) and iron oxide (c) very fine 
anhedral florencite-(Ce) disseminated in iron oxide, (d) very fine anhedral florencite-(La) disseminated in 
iron oxide and (e) very fine veins of cerianite (bright phase) disseminated in iron oxide (light grey phase).  
Key to abbreviations used; Flo – florencite, Fe-REE-Al-P – complex association of florencite-(La) and Fe-
oxide, Mnz – monazite, Cer – cerianite, FexOy – iron oxide 
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2.3.2.4. Mineral texture and composition of secondary REE-bearing phases   
 
Florencite which is part of the crandallite group of minerals [AB3(XO4)2(OH)6], accounts for 
27.8% of the RE minerals measured by QXRD (Table 2.5) and is therefore of secondary 
importance; however the recovery of florencite is essential with respect to overall rare earth 
recovery and resource utilisation. BSE images of RE-bearing aluminophosphates of the 
florencite group are presented in Figure 2.8 and semi-quantitative EDX analysis of these 
mineral phases is presented in Table 2.8.  
 
Table 2.8: EDX spot analysis (relative wt%, normalized) of some florencites and 
cerianite presented in Figure 2.8 
 
 
Element  
(relative norm. wt%) 
Florencite  
1 
Florencite  
2 
Florencite  
3 
Florencite  
4 
*Fe-REE-Al  
phosphate 
Cerianite Ce-goethite 
Cerium (Ce) 6.40 7.07 8.79 4.43 2.83 74.23 1.96 
Lanthanum (La) 4.87 4.57 3.82 5.65 3.79 - - 
Neodymium (Nd) 2.30 4.25 3.02 1.68 1.49 - - 
Praseodymium (Pr)  0.68 1.25 0.97 0.80 0.39 - - 
Calcium (Ca) 2.13 1.63 1.43 2.11 1.19 1.56 - 
Strontium (Sr) 4.38 2.55 4.05 7.17 2.84 - - 
Barium (Ba) 2.43 - - - - - - 
Niobium (Nb) 1.59 - - - - - - 
Iron (Fe)  9.50 5.62 11.09 5.43 32.96 3.52 57.31 
Aluminium (Al) 14.09 15.40 15.14 15.82 9.79 - 1.00 
Phosphorus (P) 10.41 12.35 10.04 10.52 5.20 - - 
Sulfur (S) - - 0.56 - - - - 
Silicon (Si) - - - - - 0.86 1.44 
Zirconium (Zr) - - - - - 1.95 - 
Manganese (Mn) - - - - - - 1.41 
Oxygen (O)  41.23 45.30 41.08 46.40 39.52 17.87 36.88 
TREE  
(Ce + La + Nd + Pr) 14.25 17.14 16.60 12.56 8.50 74.23 1.96 
Ce/TREE 0.45 0.41 0.53 0.35 0.33 - - 
 
*Complex association of florencite-(La) and iron oxide 
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The RE-bearing aluminophosphates were generally of very fine grain size and occurred as 
anhedral grains disseminated iron oxide (Figure 2.8b, d), as intergrowths with iron oxides 
(Figure 2.8b, c), or where found as a cementing phase (Figure 8a). The very fine grain size of 
RE aluminophosphates dictates that fine grinding is necessary to achieve adequate liberation 
and enable subsequent recovery. Compositionally, the RE aluminophosphates were complex 
and of variable composition; these mineral phases typically contained Fe and it was difficult 
to determine whether this was through substitution of Fe for Al in the B position of florencite, 
or as sub-micron inclusions or intergrowths of iron oxides. It was observed in one case that 
the RE aluminophosphate cementing phase (Figure 2.8a) contained up to 1.59% Nb (Table 
2.8) and it has been documented that Nb can be incorporated into crandallite group minerals 
(Lottermoser, 1990; Lottermoser and England, 1988). Florencites in all cases contained some 
Ca and were enriched in Sr, with one florencite grain analysed containing as much as 7% Sr; 
these elements likely substituting for REE cations in the A site of florencite. Relative to the 
monazites, the REE contents of florencite were lower and the Sr content higher, making these 
minerals a lower-grade source of REE relative to monazite. Unlike the monazites, the RE 
aluminophosphates were not exclusively cerium dominant i.e. florencite-(Ce) and lanthanum 
dominant varieties i.e. florencite-(La) were also observed (Table 8 – florencite #4, Fe-REE-
Al phosphate). The consequence of these findings on RE mineral beneficiation is that the 
recovery of florencite will impact the rare earth concentrate grade due to the introduction of 
impurities such as Al, Sr and Fe into the concentrate which is inevitable since these 
impurities are structurally associated with florencite.  
 
Cerianite (CeO2) was observed by SEM to occur as very fine veins a few microns in width 
disseminated in goethite (Figure 8e). Cerium was the only REE present in cerianite (Table 
2.8) and the cerianite was found to contain impurities such as Fe, Ca, Zr and Si, the latter two 
possibly being present as sub-micron inclusions of zircon. EDX analysis of the goethite 
matrix indicated that this goethite contained close to 2% Ce; this Ce could possibly be present 
as sub-micron inclusions of cerianite or as an adsorbed species. Cerianite was not detected 
via QXRD which suggests that the mineral is only present in minute amounts and given that 
it exclusively contains Ce and none of the more valuable REEs, little emphasis should be 
paced on recovery of cerianite.  
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2.3.2.5. Composition of fluorapatite  
 
Apatite can typically accommodate trivalent lanthanide cations in its lattice and therefore 
could be an important host mineral for REE in ore deposits (Fleet and Pan, 1995; Linnen et 
al., 2014; Verplanck et al., 2014). As such, EDX spot analysis was performed on some 
fluorapatite grains in the ore to determine if apatite is a significant carrier of lanthanides. The 
results of EDX analysis on some fluorapatite grains is presented in Table 2.9.  
 
Table 2.9: EDX spot analysis (relative wt%, normalized) of some fluorapatites in the ore 
 
 
Element  
(relative norm. wt%) 
Apatite  
1 
Apatite  
2 
Apatite  
3 
Apatite  
4 
Apatite  
5 
Calcium (Ca) 40.99 40.69 40.74 39.93 41.12 
Phosphorus (P) 17.35 17.07 17.23 17.63 17.81 
Oxygen (O) 35.77 36.27 34.98 34.81 35.75 
Fluorine (F) 4.12 3.93 4.38 3.95 3.64 
Strontium (Sr) 1.79 2.06 2.17 1.44 1.68 
Cerium (Ce) - - 0.28 0.94 - 
Neodymium (Nd) - - 0.21 0.80 - 
Sodium (Na) - - - 0.39 - 
TREE (Ce + Nd) - - 0.49 1.19 - 
 
All fluorapatite samples analysed were found to be strontium bearing, carrying up to 2 % Sr; 
three out of the five apatites analysed contained no rare earths and for the two rare earth 
bearing apatites, the rare earth content was very low with the highest rare earth content being 
1.74% (Apatite #4 – Table 2.9). Cerium and neodymium were the only lanthanides present in 
high enough concentration to be detected by EDX analysis. Sodium was present in the RE-
bearing apatites, though for apatite #3 the Na content was too low to be reported with 
confidence. The presence of sodium is consistent with the coupled substitution of rare earths 
and sodium for calcium in apatite according to the following equation (Fleet and Pan, 1995): 
 
                 (2.3) 
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Relative to monazite and florencite, the REE content in apatite is very low making it a very 
low grade source of REEs which may not be worth recovering and can be treated as a gangue 
mineral.  
 
2.3.2.6. Deportment of major rare earth elements  
 
The deportment of major REEs in the ore (Ce, La, Pr, Nd) was calculated by relating the REE 
concentrations in discrete RE containing minerals (monazite, florencite, apatite) as measured 
via EDX analysis against the bulk mineralogy
2
 as measured by QXRD (Table 2.4). The 
results of Ce, La, Pr and Nd deportment are presented in Table 2.10.  
 
Table 2.10: Ce, La, Pr and Nd deportment (as a percentage) into associated RE-
containing minerals based on average compositions of monazite, florencite and apatite 
as determined by EDX analysis 
 
  
Elemental deportment Monazite Florencite Apatite  
Ce 91.80 7.40 0.80 
La 88.97 11.03 0.00 
Nd 88.69 9.32 1.99 
Pr 89.88 10.12 0.00 
TREE (Ce + La + Pr + Nd) 90.45 8.78 0.77 
 
The deportment of individual lanthanides and the combined total indicates that the majority 
of the light rare earths report to monazite (TREE – 90.45%); the balance of the remaining 
lanthanides report to florencite (TREE – 8.78%) with very little reporting to apatite (TREE – 
0.77%). Interestingly, the distribution of Ce, La, Nd and Pr to the other RE containing 
minerals excluding monazite is not congruent, with only Ce and Nd being found in apatite. 
Given that the bulk of the major REEs are concentrated in monazite, this is the primary RE 
mineral and therefore emphasis should be placed on its recovery during mineral 
beneficiation. The REEs are next concentrated in florencite though this pales in comparison 
to monazite and florencite is therefore of secondary importance; its recovery is not essential 
though it is still beneficial from an overall resource utilisation perspective. Despite the 
                                                 
2
QXRD identified two species with the monazite crystal structure; monazite proper and Ca-Ce phosphate (Ca-
rich monazite) which have been combined into one species (monazite) for simplicity 
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abundance of apatite in the ore, very little of the total REEs deport to apatite and as such the 
treatment of apatite as a gangue mineral is justifiable.      
 
2.4. Potential processing paths 
 
Beneficiation processes applied to the processing of rare earth ores exploit physical or 
physico-chemical properties for separation of rare earth minerals from gangue and include 
magnetic, gravity separation and froth flotation (Jordens et al., 2013; Krishnamurthy and 
Gupta, 2015). Goethite is the chief gangue mineral in the ore making up more than half by 
weight of the ore (Table 2.4) and as such any rare earth mineral beneficiation process must 
target the removal of goethite or the separation of rare earths from goethite. The removal of 
goethite would be expected to more than double the rare earth grade in the concentrate when 
you also consider that a significant part of LOI is associated with goethite; theoretically the 
REO grade would be expected to increase from 7.66 wt% REO in the feed to over 15 wt% 
REO in the concentrate just by removing all the goethite. Dolomite and apatite are also 
significant gangue species accounting for 9.3% and 11.0% respectively (Table 4) and 
removal of these minerals would be expected to boost REO grade though not to the same 
extent as goethite removal; however their removal is still desirable given the negative impacts 
calcium minerals can have on flotation (See Section 2.4.2.) and hydrometallurgical 
processing. Clearly, the removal of iron oxides presents the best opportunity for increasing 
REO grade in the final concentrate and selection of a suitable processing path should address 
this. Whilst monazite is the chief rare earth mineral in the ore, the recovery of secondary 
minerals such as florencite is important in order to improve overall resource utilisation. Due 
to characteristics of the ore such as the fine grain size of rare earth minerals and complex 
textural characteristics of the rare earth minerals (See Section 2.4.2), fine grinding of the ore 
is necessary to fully liberate rare earth minerals from the gangue and this rules out gravity 
separation as a primary means of rare earth mineral recovery; instead magnetic separation or 
froth flotation processes must be employed (Jordens et al., 2013). 
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2.4.1. Conventional beneficiation routes 
 
Rare earth minerals are generally paramagnetic and magnetic separation processes have been 
employed in rare earth mineral beneficiation to either remove highly magnetic gangue or to 
recover the paramagnetic rare earth minerals (Jordens et al., 2013; Krishnamurthy and Gupta, 
2015). The magnetic susceptibilities of monazite and major gangue minerals present in the 
ore are shown in Table 2.11. 
 
Table 2.11: Magnetic susceptibilities and densities of monazite, florencite, magnetite 
and major gangue minerals present in the ore. Magnetic susceptibility values were 
adapted from (Xiong et al., 2015) unless stated otherwise. Values for density were were 
adapted from (Robie and Bethke, 1966) unless stated otherwise. 
 
 
Mineral Chemical Formula Magnetic susceptibility 
(10
-6
 m
3
/kg) 
Density (g/cm
3
) 
Magnetite Fe3O4 625 - 1156 5.20 
Maghemite γ-Fe2O3 400 – 500
a
 4.90
a
 
Hematite α-Fe2O3 0.6 - 2.16 5.27 
Goethite FeOOH 0.31 - 1 4.27 
Apatite Ca5(PO4)3(F, Cl, OH) 0.007 - 0.142 3.20 
Dolomite CaMg(CO3)2 -0.01 - 0.41
a
 2.87 
Monazite (La, Ce, Nd, Ca)PO4 0.15
b
 4.98 – 5.43c 
Florencite CeAl3(PO4)2(OH)6 n/a 3.45 – 3.54
c
 
  
 
a
 Reference Hunt et al. (1995) 
b
Reference Yang et al. (2013) 
c
 Reference Jordens et al. (2013) 
 
It can be seen that the magnetic susceptibility of monazite is of a similar order of magnitude 
to goethite; hence application of high intensity magnetic separation (HIMS) remove goethite 
or recover monazite is not practical. Roasting the ore in air to dehydroxylate goethite and 
convert it to hematite followed by HIMS to remove iron oxide may offer little advantage as 
the increase in magnetic susceptibility is only slight (Table 2.11). However, HIMS could be 
utilised to pre-concentrate monazite in the feed by rejecting calcium minerals (apatite and 
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dolomite) concentrated in the coarser size range (above 300 μm) prior to further processing 
(See Section 2.4.1.4).   
 
The fine-grained nature of the ore means that froth flotation is the most suitable conventional 
method for recovery of rare earth minerals from this ore (Chelgani et al., 2015; Jordens et al., 
2013). Potential monazite flotation routes include direct flotation of rare earth phosphates or 
alternatively reverse flotation whereby the rare earth phosphates are depressed and gangue is 
floated (Chelgani et al., 2015; Jordens et al., 2013); the former generally being the preferred 
option. Flotation will be challenging from a number of stand points; the presence of a high 
proportion of ultra-fines causes issues in flotation such as froth instability, high reagent 
consumption, low concentrate grades and recoveries (Houot, 1983; Lima et al., 2012; Yu et 
al., 2017). Whilst ultra-fines can be managed through desliming, 30% of the rare earths are 
present in the -10 μm fraction of ore and discarding the slimes would result in a considerable 
loss of rare earths and other values such as niobium to the tails. Additionally, many of the 
collectors used for direct anionic flotation of monazite and other rare earth minerals (fatty 
acids, hydroxamic acids) (Chelgani et al., 2015; Jordens et al., 2013; Pradip and Fuerstenau, 
1991), are also strongly floating towards iron oxides (Fuerstenau et al., 1970; Fuerstenau et 
al., 1967; Houot, 1983) and calcium minerals (Houot, 1982; Hu and Xu, 2003; Mishra, 1982). 
These challenges however can be overcome through the selection of suitable rare earth 
mineral collectors and gangue depressants. Additional processing steps to remove dolomite, 
apatite and iron oxides could be advantageous and simplify flotation.   
 
2.4.2. Pyrometallurgical techniques 
 
As was previously mentioned, the removal of iron represents the best opportunity of up-
grading this ore and producing a rare earth enriched concentrate for further processing. 
Pyrometallurgical processes such as magnetising roasting, direct reduction and smelting 
which were described in Chapter 1. Conversion of goethite in the ore to magnetite (Fe3O4) or 
maghemite (γ-Fe2O3) may enable selective removal of iron oxide by low intensity magnetic 
separation (LIMS) given that the magnetic susceptibilities of magnetite and maghemite are an 
order of a thousand times greater than monazite and other mineral species such as apatite and 
dolomite (Table 2.11). Goethite conversion to magnetite or maghemite requires high 
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temperatures (500 - 700°C) and slightly reducing conditions and this process is termed 
magnetising roasting (Iwasaki and Prasad, 1989; Uwadiale, 1992). Researchers have 
performed magnetising roasting-magnetic separation studies on the recovery of rare earths 
and iron from the Bayan Obo Fe-REE deposit of Inner Mongolia (China) with promising 
results (refer to Chapter 1). Despite the differing mineralogy and geology of Bayan Obo 
versus lateritic type rare earth ores, magnetising roasting-magnetic separation could have 
potential for beneficiating these ores.  
 
An alternative to magnetising roasting is direct reduction whereby iron oxides are converted 
to metallic iron at 1000 - 1200°C, followed by comminution and recovery of metallic iron 
powder and a rare earth enriched slag (see Section 1.4.3). Despite metallic iron powder being 
a higher value product relative to magnetite powder, the high phosphorus content of the ore 
(7.43 wt% P2O5) rules out this option as the metallic iron will be contaminated with 
phosphorus due to reductive decomposition of monazite and fluorapatite. Additionally, the 
original mineralogy of the rare earths will most likely be destroyed after direct reduction 
makes selective recovery of discrete RE minerals after iron removal difficult. These same 
issues would also rule out smelting (T>1200°C) as another processing option. Clearly 
magnetising roasting which is carried out at much lower temperatures relative to direct 
reduction and smelting would be the preferred option and an additional advantage is that 
magnetising roasting and magnetic separation could be readily integrated into existing 
beneficiation processes such as froth flotation and would indeed simplify froth flotation.     
 
2.5. Conclusions 
 
A ferruginous rare earth bearing lateritic ore was characterised to determine the mode of 
occurrence and distribution of rare earths and gangue in the ore and the impacts with respect 
to minerals processing. The ore was enriched with rare earths with the grade being 7.65 wt% 
REOT and was also enriched in iron, phosphorus, calcium and niobium and had very low 
concentration of impurities such as PbO, ThO2 and U3O8 which is advantageous from a 
concentrate quaility standpoint. Monazite was the chief rare earth bearing mineral accounting 
for 70% of the total rare earth minerals measured via QXRD whilst the primary gangue 
mineral was goethite accounting for more than half by weight of the ore. The crushed ore was 
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friable and consisted predominantly of fine (-38 μm) and ultra-fine particles (-10 μm) with 
the rare earths and iron concentrating in the finer size fractions whilst calcium and 
magnesium were enriched in the coarser size fractions. Close to 30% of the rare occurred in 
the -10 µm fraction indicating that desliming will result in a considerable loss of rare earths 
to the tails. 
 
The textural characteristics and grain size distribution of rare earth minerals showed that 
monazite and florencite were of very fine grain size and were disseminated in gangue; fine 
grinding is likely necessary to achieve sufficient liberation prior to processing. The 
composition of some monazite and florencite grains in the ore was carried out. Monazite was 
a high-grade source of rare earths in the ore and generally contained some structural 
impurities such as Sr and Ca, florencite was a low-grade source of rare earth elements and 
was enriched in Sr, Al and Fe; these impurities will end up in the final concentrate as a 
consequence of their structural association with the rare earths.  
 
As iron represents the major gangue element in this feed, its removal represents the best 
opportunity for upgrading rare earth content and iron removal could result in a theoretical 
doubling of rare earth grade. Conventional beneficiation routes such as HIMS and froth 
flotation may not offer the selectivity needed to either remove iron (present as goethite and 
hematite) or concentrate the rare earths. Pyrometallurgical processes such as magnetic 
roasting, direct reduction and smelting offer promise, and of the three, magnetising roasting 
could theoretically be readily integrated with existing mineral dressing routes such as HIMS 
or flotation and this should be considered.    
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Chapter 3: 
Investigation into coal-based magnetising 
roasting of a ferruginous rare earth ore and the 
associated mineralogical transformations  
 
 
 
 
 
 
 
 
 
 
 
The factors influencing goethite to magnetite conversion during magnetising roasting of a 
ferruginous rare earth ore using coal as the reductant were explored. The effect of 
temperature, time and reductant addition on magnetite conversion; and the optimal conditions 
which resulted in complete conversion of goethite to magnetite were determined through the 
use of satmagan. For this particular ore, optimal roasting conditions were determined to be a 
roasting temperature of 600 - 650°C with the addition of 10 – 20 wt% coal in the mixture and 
a roasting time of 90 min. The mineralogical changes occurring during magnetising roasting 
were also investigated using X-ray diffraction. Magnetite formation was found to proceed by 
the reduction of hematite formed from the dehydroxylation of goethite. X-ray diffraction 
showed that further reaction of magnetite to form wüstite and fayalite had taken place at 
temperatures exceeding 650°C under highly reducing conditions. The primary rare earth 
mineral in this ore, monazite was stable at all roasting conditions whilst florencite underwent 
thermal decomposition resulting in an increase in the monazite content of the roasted ore.  
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3.1. Introduction 
                        
Magnetising roasting is a method for the beneficiation of refractory iron ores not amenable to 
conventional mineral beneficiation due to fine grain size, complex mineralogy and textures. 
The method involves roasting the ore in a reducing environment at 500 to 700°C resulting in 
partial reduction of hematite to magnetite followed by application of low intensity magnetic 
separation (LIMS) to produce an iron-rich magnetic product and tailings (Iwasaki and Prasad, 
1989). The reducing atmosphere is generated via reforming of hydrocarbons or by solid 
carbonaceous reductants such as coal (Iwasaki and Prasad, 1989; Uwadiale, 1992). Despite 
the energy penalty associated with roasting, a magnetising roast can be advantageous as 
magnetic separation is simpler and more selective than other separation techniques (e.g. 
flotation), has reduced grinding costs due to the increased friability of the roasted ore, and 
generally results in improved settling and filtration characteristics of the ore due to 
dehydroxylation of clays during roasting (Iwasaki and Prasad, 1989; Uwadiale, 1992). A 
review on the magnetising reduction of iron ores by Uwadiale (1992) cites many examples 
where this method has been successfully applied in the beneficiation of fine-grained iron 
ores.  
  
When magnetising roasting is applied to ores containing other valuable minerals in addition 
to iron, the result is a tailings enriched in the other valuables which can be concentrated 
further by conventional methods such as froth flotation. For example, the issues encountered 
in the beneficiation of refractory iron ores such as fine grain size, complex mineralogy and 
textural characteristics are also pertinent to RE bearing ores such as RE-enriched lateritic 
deposits and iron oxide-copper-gold-RE style deposits where the iron oxides are present as 
major gangue (Chapter 1). Magnetising roasting has been successfully applied for the 
treatment of Bayan Obo iron-RE ore resulting in the recovery of an iron enriched magnetic 
product and tailings enriched in rare earths after magnetic separation. Kwauk (1979) studied 
the fluidized bed reduction roasting of an iron-RE ore from the Bayan Obo deposit at 550°C 
using a mixture of CO and H2 gas. Application of magnetic separation after roasting 
produced an iron concentrate grading 62.2 wt% TFe starting from a feed grading 36 wt% TFe 
at a recovery of 94%. The rare earths present in the feed reported to the non-magnetic product 
at a recovery of 80%.Yang et al. (2013) studied the magnetising roasting of iron-rich rare 
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earth bearing tailings using coal as the reductant. Ore roasted under optimal roasting 
conditions of 650°C, roasting time of 2.5 h and a C/O molar ratio of 3.85 was subjected to 
low intensity magnetic separation resulting in a TFe grade of 45 wt% and a recovery of 68% 
starting from a feed containing 13.1wt% TFe. The rare earths were recovered in the tailings 
(80% recovery) with a slight increase in grade to 7.5 wt% REOT relative to the feed which 
had a grade of 7.1 wt% REOT. The removal of iron through reduction roasting and magnetic 
separation ahead of froth flotation for recovery of RE minerals offers a number of potential 
downstream advantages. The typical collectors used in the flotation of RE minerals such as 
fatty acids and hydroxamates (Jordens et al., 2013; Pradip and Fuerstenau, 1991) also tend to 
float iron oxide minerals (Fuerstenau et al., 1970) which would lead to poor recovery and 
lower grades of rare earth concentrates; with high collector and depressant consumption. The 
removal of iron oxides ahead of RE mineral flotation could result in improved REO grade 
and recovery to the concentrates, reduced consumption of flotation reagents, and simplified 
reagent addition schemes.      
 
In this chapter, the factors influencing magnetite formation during the reduction roasting of a 
refractory goethite-RE ore sourced from a lateritic deposit was explored. The ore feed was 
characterized by chemical analysis (XRF and ICP-OES), QXRD and thermogravimetric 
analysis (TGA). Characterization of the reduced products was carried out by powder XRD, 
QXRD and SEM to investigate the mineralogical changes taking place after reduction 
roasting. The effects of magnetising roasting on the stability of the RE and gangue minerals 
and the potential implications with respect to downstream processing were also considered.   
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3.2. Materials and Methods 
3.2.1. Materials 
 
The material used in this study was an iron-rich RE containing ore sourced from a lateritic 
deposit which was characterised (refer to Chapter 2). Riffled representative sub-samples of 
ore that had been crushed to 80% passing 1.18 mm were produced for chemical analysis, 
QXRD and for roasting experiments. The reductant used in this study was a sub-bituminous 
coal of non-coking nature from the Collie Basin, Western Australia.  The moisture, ash and 
volatile matter content of the coal were determined according to ASTM methods D3173, 
D3174 and D3175 respectively (ASTM D3173/D3173M-17, 2017; D3174-12, 2012; D3175-
17, 2017). The fixed carbon content of the coal was calculated by difference and the 
proximate analysis of the coal used in this study gave a moisture content of 14 wt%, 31 wt% 
volatile matter, 50 wt% fixed carbon and 5 wt% ash. The coal was screened and the -2.36 mm 
+150 μm size fraction was used in most experiments. In latter experiments looking at the 
influence of coal particle size, the bottom size was varied from +150 μm up to +600 μm. The 
coal particle size was controlled to enable char separation after roasting when required.    
 
3.2.2. Reduction roasting  
 
The experimental set up is shown in Figure 3.1. Static roasting experiments were performed 
using a horizontal electrically heated alumina tube furnace with the temperature being 
controlled by a type R thermocouple embedded in the furnace refractory. The furnace was 
calibrated and the temperature profile determined along the length of the alumina tube to 
determine the actual temperature and length of the hot zone. Measurement indicated the 
furnace hot zone had a thermal gradient of 10°C over 80 mm. Typically, 15 g riffled sub-
samples of the ore were thoroughly mixed with coal to produce the desired wt% reductant in 
the mixture and poured into a molybdenum boat (25 mm x 65 mm). The furnace was purged 
under a stream of high purity nitrogen for 10 min prior to sample introduction. The 
molybdenum boat was then placed into the hot zone of the tube furnace, nitrogen sweep gas 
turned off and the furnace sealed. The temperature was varied between 500 - 750°C and the 
roasting time varied between 30 min and 2 h.   
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Figure 3.1: Experimental set-up for static bed reduction roasting experiments. 
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After the elapsed time the boat was withdrawn from the hot zone to the water-cooled end of 
the furnace and quenched in high purity nitrogen for ten minutes. The roasted samples were 
pulverized to below 150 μm using a porcelain mortar and pestle after char separation (Section 
2.3.) for magnetite determination via satmagan and mineralogical analysis of the roasted 
products via XRD. 
 
3.2.3. Char separation 
 
For experiments looking at the influence of reductant addition and reductant particle size the 
coal char required separation after roasting. Firstly, roasted ore was dry sieved to isolate the 
size fraction containing the char. The size fraction containing the char was then subjected to 
magnetic separation using a neodymium hand magnet and the non-magnetics containing 
mostly char were discarded. The magnetic fraction was recombined with the undersize and 
pulverized using a porcelain mortar and pestle for satmagan and mineralogical analysis via 
XRD.  
 
3.2.4. Characterization methods 
3.2.4.1. Elemental composition of ore feed (XRF, ICP-OES & LOI) 
 
A representative sub-sample obtained from riffling of the crushed ore was prepared for 
chemical analysis by pulverizing in a chromium steel ring mill. A total of 40 elements were 
analyzed for by X-Ray Fluorescence (XRF). Inductively coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) was used for analysis of total sulfur (organic, sulfide and sulfate-
sulfur). All XRF data was reported on an oxide basis whilst sulfur was reported on an 
elemental basis. 
 
 For XRF analyses the sample preparation involved accurately weighing 0.5 g of the head 
sample into a 95% Pt/Au crucible with approximately 5 g of 12-22 lithium 
tetraborate:metaborate flux previously dried at 550ºC. The sample was pre-oxidised over an 
oxy-propane flame burner to bring the contents of the crucible to between 650ºC to 700ºC 
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while oxygen was bled into the top of the crucible. The sample was held at this temperature 
for 5 min before the mixture was fused into a homogeneous melt over an oxy-propane flame 
at a temperature of 1050ºC for 10 min. A commercially available ammonium iodide doped 
cellulose tablet was added 100 s before the molten glass was poured into a 32 mm diameter 
95%Pt/Au mould heated to a similar temperature. Air jets then cooled the mould and melt for 
approximately 300 s. The resulting glass disc was analysed on a Philips PW2404 XRF system 
using a control program developed by Philips and algorithms developed in-house by CSIRO.  
 
Total sulfur analysis was performed by ICP-OES; 0.1g of the feed sample was accurately 
weighed and digested with nitric acid and bromine. After digestion the solution was made to 
a 100 ml volume and this was analysed for sulfur using an Agilent 730 ICP-OES instrument.  
 
For determining the loss on ignition at 1000°C (LOI), 0.5 g of powdered sample was 
accurately weighed and evenly spread out into a platinum lined alumina boat. The boat was 
then placed into the hot zone of an electrically heated tube furnace and heated up to 1000°C 
at a ramp rate of 15°C/min and held at this temperature for 4 hours. After cooling down to 
room temperature, the sample was reweighed and the mass loss computed.  
3.2.4.2. Thermogravimetric analysis (TGA) of ore feed 
 
TGA was carried out using a Perkin Elmer Pyris 1 thermogravimetric analyser with the 
weight change recorded as a function of temperature. Firstly, approximately 5 mg of a 
pulverized sample of the feed ore was placed into a platinum pan and the sample heated from 
30 to 980°C under a stream of nitrogen gas (flow rate of 20 ml/min) at a ramp rate of 
20°C/min. Once the temperature of 980°C was attained, the sample was held at this 
temperature for 3 min under an atmosphere of air (flow rate of 20 ml/min) to burn off any 
carbon and sulfides that may be present. 
3.2.4.3. Magnetite determination via saturation magnetic analyzer (satmagan) 
 
The relative amount of magnetite in the roasted samples was determined through the use of a 
Rapiscan systems SATMAGAN 135 saturation magnetic analyzer. The SATMAGAN 135 is 
a force type magnetic balance which relies upon the Faraday method of weighing a sample in 
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a gravitational and magnetic field (Stradling, 1991). The SATMAGAN 135 is routinely used 
in applications which require the measurement of ferromagnetic material in a sample such as 
the determination of metallic iron content in reduced ilmenite (Stradling, 1991) and magnetite 
content of iron ores (Parian et al., 2015).  
 
Pulverized roasted samples were loaded into a 1.2 ml acrylic container and placed into the 
SATMAGAN 135 and the saturation magnetism value (satmagan number) was recorded. A 
total of three measurements (standard deviation of 0.01) were made for each roasted sample 
with each sample being de-magnetized between readings. The higher the satmagan number 
the greater the amount of magnetite in the roasted material. In order to measure the relative 
amount of Fe3O4 in the roasted ore the satmagan readings were calibrated against the relative 
wt% of Fe3O4 as determined by quantitative XRD. Select samples which covered the range of 
satmagan readings obtained were submitted for QXRD (Table 3.1). A saturation magnetism 
value of 2.38 corresponds to complete conversion of goethite to magnetite. A linear 
relationship between the satmagan number (total relative error of +/- 0.03) and the relative 
wt% of magnetite was obtained and is shown in Figure 3.2.  
 
 
Table 3.1: Satmagan calibration; range of satmagan readings obtained with the 
corresponding magnetite content as determined by QXRD 
 
 
Roast conditions Fe3O4  
relative wt%  
Satmagan number 
 (+/-0.03) 
Ore feed 0.00 0.02 
750 °C, 20 wt% coal, 90 min 14.0 0.49 
650 °C, 5 wt% coal, 90 min 33.5 1.32 
700 °C, 5 wt% coal, 90 min 47.9 1.80 
600°C, 20 wt% coal, 90 min 59.7 2.38 
650 °C, 15 wt% coal, 90 min 63.3 2.38 
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Figure 3.2: Satmagan calibration; showing the correlation of satmagan readings with 
the relative wt% of magnetite as determined by QXRD. 
 
 
3.2.4.4. Powder XRD 
 
Each powdered sample was evenly placed onto a circular stainless steel holder, flattened with 
a glass slide and covered by Kapton film. X-ray powder diffraction patterns were obtained on 
a Bruker D4 Endeavour X-Ray diffractometer fitted with a copper tube (copper Kα 
radiation), an incident beam monochromator, and a scintillation detector. The diffractometer 
was operated at a voltage of 40 kV and current of 35 mA. Diffraction patterns were collected 
over the range 5–90° 2θ with a step size of 0.021° and a dwell time of 2 s/step. The total 
pattern collection time was 20 min. Mineral phase identification was performed using Bruker 
DIFFRAC.EVA software (version 4.2.0.31).   
 
For the ore feed and select roasted samples QXRD was performed. The pulverized samples 
were micronized in ethanol in a McCrone micronizer for 10 min, centrifuged to remove 
excess ethanol and dried at 60°C. XRD data was collected from 5-140° 2θ using a 
PANalytical MPD instrument fitted with a cobalt tube (cobalt Kα radiation) operated at 40 
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kV and 40 mA. QXRD was carried out via the Rietveld method (Hill and Howard, 1987; 
Rietveld, 1969) using the software, TOPAS V5 (Bruker, 2013).  The crystal structure 
information was used for goethite (Hazemann et al., 1991), magnetite (Okudera, 1997), 
hematite (Blake et al., 1966), ilmenite (Wechsler and Prewitt, 1984), wüstite (Fjellvåg et al., 
1996), fayalite (Smyth, 1975), monazite-Ce (Ni et al., 1995), florencite (Kato, 1990), 
fluorapatite (Frank-Kamenetskaya et al., 2014), dolomite (Althoff, 1977), calcite (Maslen et 
al., 1995), periclase (Sasaki et al., 1979), quartz (Glinnemann, 1992) and biotite (Brigatti and 
Poppi, 1993). 
3.2.4.5. SEM/ EDX Analysis 
 
BSE images were obtained for crushed roasted ore (<150 μm) using an FEI Quanta 400 FEG-
ESEM. The instrument was operated at high vacuum (<10
-5
 Torr), an accelerating voltage of 
15 kV and a beam current of 0.3nA. The chemistry of individual phases was determined by 
performing spot ED analyses and data collected using a Bruker X-Flash 5010 ED detector. 
 
3.3. Results and discussion 
3.3.1 Characterisation of feed material  
3.3.1.1. Chemical and mineralogical composition 
 
Chemical composition of the feed as determined by XRF and ICP-OES (sulfur only) is shown 
in Table 3.2. The mineral composition of the feed as determined via QXRD is shown in Table 
3.3. The feed material is particularly rich in iron, phosphorus, calcium and rare earths and 
low in sulfur (Table 3.2). The primary iron mineral present in the feed material is goethite 
(FeOOH – 55.7 wt%), accounting for more than half by weight of the ore (Table 3.3). Other 
iron oxides identified in smaller amounts were hematite (Fe2O3) and ilmenite (FeTiO3).The 
chief gangue minerals are dolomite (CaMg(CO3)2 – 11.5 wt%), fluorapatite (Ca5(PO4)3F – 
10.4 wt%) which accounts for the high calcium content in the material measured by XRF. 
Quartz (SiO2) and biotite (K(Mg, Fe)3(AlSi3O10)(F, OH)2) were minor gangue species. XRF 
analysis revealed an abundance of light rare earths (LRE) in the feed material with the 
cerium, lanthanum and neodymium content (oxide basis) being particularly high. Monazite 
(CePO4 – 7.7 wt%) and florencite (CeAl3(PO4)2(OH)6 – 4.1 wt%) were the primary RE 
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minerals identified in the ore and account for the high LRE content of the feed. The presence 
of monazite, florencite and fluorapatite as the primary RE minerals and gangue respectively 
account for the high phosphorus content in the feed material.   
 
Table 3.2: Chemical compositions of ore feed as determined by the X-ray fluorescence 
(wt%) and ICP-OES (sulfur only). 
 
 
Species Wt% 
Al2O3 3.65 
BaO 0.288 
CaO 7.37 
Fe2O3 45.6 
K2O 0.094 
MgO 2.12 
Mn3O4 3.04 
Na2O 0.087 
P2O5 7.43 
SiO2 6.18 
S 0.14 
SrO 0.313 
TiO2 2.43 
Y2O3 0.030 
ZnO 0.364 
ZrO2 0.076 
REOT 7.65 
LOI 13.0 
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Table 3.3: Mineralogical compositions of feed and ore roasted under various conditions as determined by QXRD (relative wt%) using 
the Rietveld method. (NB: Cobalt K-alpha radiation source) 
 
 
 
Mineral phase Chemical formula Ore feed 650°C, 5 wt% 
coal, 90 min 
700°C, 5 wt% 
coal, 90 min 
600°C, 20 wt% 
coal, 90 min 
650°C, 15 wt% 
coal, 90 min 
750°C, 20 wt% 
coal, 90 min 
goethite FeOOH 55.7 - - - - - 
hematite Fe2O3 4.7 33.0 18.2 - - - 
magnetite Fe3O4 - 33.5 47.9 59.7 63.3 14.0 
ilmenite FeTiO3 2.4 6.7 3.5 6.4 6.1 5.9 
monazite CePO4 7.7 10.1 10.2 9.5 10.7 15.8 
florencite CeAl3(PO4)2(OH)6 4.1 - - - - - 
dolomite CaMg(CO3)2 11.5 1.5 0.6 8.5 2.4 - 
calcite CaCO3 - 1.1 1.3 - 1.1 1 
fluorapatite Ca5(PO4)3F 10.4 11.1 12.2 11.7 10.8 8.3 
quartz SiO2 3.1 2.9 4.1 2.7 1.9 3.6 
biotite K(Mg, Fe)3(AlSi3O10)(F, OH)2 0.5 0.2 1.9 1.5 0.2 0.1 
wüstite Fe1-xO - - - - - 18.7 
fayalite  Fe2SiO4 - - - - - 9.2 
spinels  AB2O4 - - - - - 23.4 
periclase MgO - - - - 3.6 - 
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3.3.1.2. Thermogravimetric analysis (TGA) 
 
The weight loss curve for the feed material as determined by TGA is shown in Figure 3.3. 
Four temperature regions were identified where weight loss in the sample occurred and are 
shown in Table 3.4 with the associated phase transformation. The first region occurred 
between 30 - 140°C which has been attributed to the removal of moisture from the sample. 
The second identified region began at 200°C and concluded at 360°C, resulting in a 
significant loss of weight. This was attributed to the dehydroxylation of goethite, which 
typically occurs between 210 and 370°C (O'Connor et al., 2006) or 200 - 350°C (McCann et 
al., 2004). Highly crystalline goethite usually decomposes at a temperature of 337°C and for 
fine grained and poorly crystalline material the decomposition temperature is lower (Swamy 
et al., 2003). For this particular ore the dehydroxylation of goethite is centred on 278°C 
which suggests that there is a significant amount of amorphous and fine grained goethite. A 
third region where minor weight loss occurs was identified in the temperature range of 400 to 
550°C. This has been attributed to the decomposition of florencite since a related 
aluminophosphate mineral crandallite (CaAl3(PO4)2(OH)5.H2O) undergoes dehydroxylation 
at 416°C (Frost et al., 2012). The final weight loss region occurred in the temperature range 
of 600 to 800°C and centred on 680°C. This is due to the decomposition of dolomite, a major 
gangue mineral in the ore, typically commencing at 600 - 650°C (Wiedemann and Bayer, 
1987). Thermal analysis via TGA has shown that majority of the weight loss occurring in the 
ore is attributed to the decomposition of goethite and dolomite.  
 
Table 3.4: Temperature range at which weight loss occurs for the ore and the 
accompanied phase transformations 
 
  
Temperature range (°C) Weight loss (%) Phase transformation 
30 - 140 0.983 Moisture loss 
200 - 360 5.478 Goethite dehydroxylation 
400 - 550 1.265 Florencite decomposition 
600 - 800 3.396 Dolomite decomposition 
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Figure 3.3: Weight loss curve for ore feed as determined by TGA. Weight loss regions 
have been numbered. Key to abbreviations: 1 (moisture loss), 2 (goethite 
dehydroxylation), 3 (florencite decomposition), 4 (dolomite decomposition) 
 
3.3.2 Factors influencing the goethite to magnetite conversion during reduction roasting  
3.3.2.1 Roasting temperature 
 
The effect of temperature on the reduction of goethite to magnetite was explored with the 
temperature being varied between 500 - 750°C and with the coal addition and total heating 
time being held constant at 5 wt% and 30 min respectively. The magnetite content 
determined from satmagan (Table 3.5) was plotted against roasting temperature (Figure 3.4). 
From Figure 3.4 it can be seen that the magnetite content increases with the increase in 
temperature, reflecting the increase in conversion of goethite to magnetite. It can also be seen 
from Figure 3.4 that there is a linear increase in the magnetite content versus temperature in 
the range of 600 to 750 °C with magnetite formation being negligible below 600 °C.  
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Table 3.5: Magnetite content (relative wt%) for goethite-rare earth ore roasted for 30 
min with 5 wt% coal and the temperature varied. 
 
 
Temperature (°C) Fe3O4, relative wt% (+/- 0.8) 
500* 1.3 
550 2.3 
600 6.0 
650* 19.2 
700 36.1 
750 49.9 
 
*Average of two experiments 
 
 
Figure 3.4: Plot of Fe3O4 (relative wt%) versus temperature at a fixed heating time of 
30 min and coal addition of 5 wt%. 
 
Mineralogical analysis of the roasted products was carried out via powder XRD (Figure 3.5). 
The XRD patterns of the roasted products showed an absence of goethite and the presence of 
hematite in all cases, indicating that goethite dehydroxylation had gone to completion. 
Magnetite could not be observed in the XRD patterns of ore that had been roasted at 500 and 
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550 °C whilst at higher temperatures, the magnetite peak intensities progressively increased 
whilst the hematite peaks decreased accordingly. The highest magnetite peak intensities were 
observed for ore roasted at 650 - 750°C which is in agreement with the results from the 
satmagan measurements. 
 
 
Figure 3.5: XRD patterns of the raw (head) and roasted ores in the temperature range 
of 500 - 750°C for 30 min in the presence of 5 wt% coal. Only main peaks have been 
labeled. Key to abbreviations: Ap (apatite, F bearing), Dol (dolomite), Flo( florencite-
Ce), Gt (goethite), Hem (hematite), Mag (magnetite), Mnz (monazite-Ce), Qtz (quartz). 
(NB: Copper K-alpha radiation source) 
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In all cases hematite was still present in the powder XRD patterns indicating that complete 
reduction to magnetite had not occurred. The reduction of iron oxides can be stalled by the 
presence of hydroxides and carbonates at temperatures below the decomposition temperature 
of the compounds (Edstrom, 1953). This is because the slow rate of generation of CO2 and/or 
H2O from the decomposition of mineral carbonates and hydroxides leads to a high CO2/H2O 
partial pressure, preventing the supply of reducing gases to the reaction surface (Edstrom, 
1953). Goethite is the chief iron mineral in this ore and the conversion of goethite to 
magnetite proceeds via the formation of hematite as an intermediate; which is produced by 
the dehydroxylation of goethite (Jang et al., 2014; Wu et al., 2012). The inhibitory effect of 
carbonate and hydroxide minerals on iron oxide reduction however would only be expected 
to occur if the ore was densely packed where the close proximity of minerals can lead to high 
CO2/H2O partial pressures and does not readily enable the escape of these gases. Given that 
the reduction roasting experiments were performed on loosely packed ore and coal placed in 
a boat, it is unlikely that goethite and dolomite are having an inhibitory effect on the overall 
reduction as H2O and CO2 arising from goethite and dolomite decomposition can readily 
escape to the surroundings.  
 
The conversion of hematite to magnetite is not likely to be the limiting factor as reduction of 
ferric iron to ferrous iron is a fast process (Fruehan, 1977; Rao, 1971; Wouterlood, 1979) and 
the magnetising roasting of oxidised iron ores has been carried out at temperatures as low as 
350 - 400°C using CO, H2 and syngas (Stephans et al., 1953). Coal undergoes thermal 
decomposition releasing tar and light gases CH4, H2 and CO with the hydrogen and to a lesser 
extent carbon monoxide released during coal pyrolysis being primarily responsible for the 
low temperature reduction of hematite to magnetite and wüstite (Cyprès and Soudan-Moinet, 
1981; Komatina and Gudenau, 2004; Liu et al., 2004). The trend in Figure 3.4 suggests that 
the availability of coal volatiles for reaction delays the extent to which hematite is reduced to 
magnetite. The inadequate conversion of hematite to magnetite below 600°C is likely due to 
the release of coal volatiles necessary for reduction being negligible below this temperature. 
Higher temperatures favour a greater release of volatiles to participate in reduction (Dey et 
al., 1993); hence the highest magnetite contents are observed in the temperature range of 650 
- 750°C.  
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3.3.2.2 Roasting time 
 
The highest magnetite contents were observed in ore that had been roasted at 650 – 750°C for 
30 min with 5 wt% coal. Hence these roasting temperatures were selected for the study into 
the effect of time on hematite reduction. The time was varied between 30 – 120 min at 650, 
700 and 750°C with the coal addition being held constant at 5 wt%. The magnetite content as 
determined by satmagan (Table 3.6) was plotted against roasting temperature (Figure 3.6). 
 
Table 3.6: Magnetite content (relative wt%) for goethite-rare earth ore roasted at 650, 
700 and 750°C with a fixed coal addition of 5 wt% and time varied. 
 
 
Time (min) 
Fe3O4, relative wt% (+/-0.8) 
650°C 700°C 750°C 
30 19.8 36.1 49.9 
60 24.5 *39.2 55.2 
90 31.8 50.7 56.4 
120 29.4 48.4 56.8 
 
*Average of two experiments 
 
A general trend of magnetite content increasing with time up to 90 min was observed for ore 
roasted at 650 and 700°C with the increase being rapid between 0 – 30 min before tapering. 
Beyond 90 min no further reduction appears to have taken place at both temperatures, with 
the slight decrease in magnetite content being within the experimental error (+/-0.8% Fe3O4). 
Similar trends were observed for ore roasted at 750°C; however the increase in magnetite 
content was more rapid over the studied time period. The plateau observed at all three 
temperatures studied suggests that there is insufficient supply of CO/H2 available for further 
reduction of iron oxides to take place. The higher magnetite contents observed at 700 and 
750°C relative to 650°C are due to the conditions being more reducing as a result of char 
gasification by CO2 to produce CO gas (Boudouard reaction) taking place at higher 
temperatures (Cyprès and Soudan-Moinet, 1981; Liu et al., 2004). 
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Figure 3.6: Plot of Fe3O4 (relative wt%) versus time at a fixed coal addition of 5 wt% at 
650, 700 and 750°C. 
 
Analysis of the roasted products to track changes in mineralogy was carried out by powder 
XRD. For ore roasted at 650 and 700°C (Figure 3.7a), diffraction patterns showed hematite 
peak intensities decreasing whilst magnetite peak intensities increased. Hematite was still 
present in ore roasted for 90 min and longer at 650 - 700°C indicating that complete 
reduction to magnetite has not occurred. These findings are consistent with results obtained 
from satmagan. For ore that has been roasted at 750°C, hematite was absent in the diffraction 
patterns (Figure 3.7b) for samples roasted for 90 min and longer. The absence of hematite 
infers that complete reduction to magnetite has occurred within 90 min and is likely due to 
the conditions being sufficiently reducing at 750°C. The maximum magnetite content 
however was not attained as evidenced by the satmagan numbers being lower than 2.38 
which suggests that further reduction of magnetite to form wüstite likely took place. It was 
difficult to conclusively identify wüstite in the XRD pattern (Figure 3.7b) due to peak overlap 
with monazite. Further reaction of magnetite to form wüstite is undesirable in the context of 
magnetising roasting as wüstite is not ferromagnetic and therefore will be unresponsive to 
subsequent low intensity magnetic separation (Iwasaki and Prasad, 1989; Uwadiale, 1992). 
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Figure 3.7: XRD patterns of the ore roasted for 30 - 120 min in the presence of 5 wt% 
coal at a) 650°C and b) 750°C. Only main peaks have been labeled. Key to abbreviations 
used: Ap (apatite, F bearing), Dol (dolomite), Cal (calcite), Hem (hematite), Ilm 
(ilmenite), Mag (magnetite), Mnz (monazite-Ce), Qtz (quartz), Wus (wüstite). (NB: 
Copper K-alpha radiation source) 
(a) 
(b) 
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Increased time has been shown to have a positive effect on the hematite to magnetite 
conversion under the roasting conditions of 650 - 750°C and a coal addition of 5 wt% up to a 
certain point beyond which conversion stagnates due to insufficient supply of reducing agents 
for further reduction to take place. For ore roasted at 650 and 700°C, the presence of hematite 
even after roasting for 90 min and longer indicates that conditions are not sufficiently 
reducing for complete conversion to magnetite whilst at 750°C it is the reverse, conditions 
are too reducing. These results suggest that there is further scope to maximise hematite 
conversion to magnetite at a lower temperature through optimising the amount of coal 
required for magnetising roasting.           
3.3.2.3 Reductant addition 
 
In order to attain maximum conversion of hematite to magnetite, especially at low 
temperature, the effect of coal addition on magnetising roasting at 600 – 750°C was explored. 
A roasting time of 90 min was selected and the coal addition in the mixture (wt%) was varied 
from 2 to 30 wt%. The magnetite content determined by satmagan (Table 3.7) was plotted 
against coal addition (wt%) at all four temperatures (Figure 3.8). The general trend observed 
at the temperatures studied was that as coal addition increased, the magnetite content also 
increased and peaked when a certain amount of coal was present in the mixture. In the case of 
ore roasted at 600 and 650°C, maximum magnetite content in the ore was obtained when 20 
and 15 wt% coal was added respectively. Maximum magnetite content in ore roasted at 700 
and 750°C was attained when 10 wt% and 5 wt% coal was added respectively. This observed 
trend suggests that there is an inverse relationship between coal requirement and roasting 
temperature to bring about complete reduction of hematite. The reduced coal requirement at 
higher temperatures is due to the greater release of volatiles (CO, H2 and CH4) from coal 
which are available for hematite reduction (Dey et al., 1993). Additionally, as previously 
stated, higher temperatures also lead to additional generation of CO via the Boudouard 
reaction (Cyprès and Soudan-Moinet, 1981; Liu et al., 2004), further contributing to the 
reduced coal requirement at high temperature. For ore roasted at 700 and 750°C, further coal 
addition resulted in a rapid decline in magnetite content (Figure 3.8) indicating that over 
reduction is taking place due to the conditions being more reducing. For ore roasted at 600°C 
the presence of additional coal did not result in a significant decrease in magnetite content. At 
650°C a sharp drop in magnetite content was only observed for ore roasted in the presence of 
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30 wt% coal in the mixture (Figure 3.8) which suggests that wüstite is not a stable species 
below 700°C (Iwasaki and Prasad, 1989; Ross, 1973).    
 
Table 3.7: Magnetite content (relative wt%) for goethite-rare earth ore roasted at 600, 
650, 700 and 750°C for 90 min with coal addition (wt%) varied. 
 
Coal addition (wt%) Fe3O4 , relative wt% (+/- 0.8) 
600°C  
10 44.3 
15 59.3 
20 61.8 
30 59.3 
650°C   
5 34.4 
10 58.6 
*15 62.7 
20 58.1 
30 49.5 
700°C   
2 12.5 
5 46.9 
10 58.0 
15 48.0 
20 38.4 
30 20.9 
750°C   
2 37.1 
5 57.5 
10 48.8 
*15 27.3 
20 12.8 
*30 6.8 
 
*Average of two experiments 
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Figure 3.8: Plot of Fe3O4 (relative wt%) versus coal addition (wt%) for a roasting time 
of 90 min at 600, 650, 700 and 750°C. 
 
 
Mineralogical analysis of the roasted products was carried out via powder XRD. For ore 
roasted at 650°C (Figure 3.9a), the increase in coal addition from 5 to 10 to 15 wt% resulted 
in a large decrease in the hematite peak intensities and a corresponding increase in magnetite 
peak intensities. The change in peak intensities was more pronounced at 10 wt% coal 
addition; small hematite peaks present at this coal addition indicate that hematite reduction 
has gone to near completion and hematite is completely absent in the diffraction pattern for 
ore roasted at 650°C with 15 wt% coal in the mixture.  Whilst further increase in coal 
addition to 30 wt% resulted in a decline in magnetite content based on satmagan which 
suggests over reduction is occurring, peaks corresponding to wüstite could not be observed in 
the diffraction pattern. Similar observations with respect to powder XRD were also observed 
for ore that had been roasted at 600°C.  
 
For ore that had been roasted at 700 and 750°C (Figure 3.9b), the increase in coal content 
also resulted in a decrease in hematite peak intensity and corresponding increase in magnetite 
peak intensity up to a certain point, beyond which further reduction of magnetite to wüstite 
was seen to occur. Hematite is absent in the diffraction pattern for ore roasted with 10 wt% 
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coal at 700°C
3
 and 5 wt% coal at 750°C indicating that complete reduction has occurred 
under these conditions; however small peaks belonging to wüstite were observed indicating 
that over reduction had also taken place. Increasing the coal content at 700 - 750°C resulted 
in a progressive increase in wüstite peak intensity reflecting the increased conversion of 
magnetite to wüstite; the result of the highly reducing conditions arising from increased coal 
addition. Furthermore, at high coal additions fayalite was observed which suggests that direct 
reaction between reduced iron oxides and quartz is taking place (see Section 3.2.2). 
    
Reductant addition has been shown to have a major influence on magnetite formation at the 
temperatures studied. It has been found that there is a compromise between the roasting 
temperature and coal addition required to achieve complete hematite reduction to magnetite 
with less coal being required at higher temperatures. However, at 700 -750 °C, hematite 
conversion to magnetite is limited by the propensity for magnetite to undergo further 
reduction to form wüstite. Roasting ore in the temperature range of 600 - 650°C is preferable 
despite the greater coal requirement for complete hematite reduction to occur because 
magnetite is less susceptible to over reduction with changes in reductant addition in this 
temperature range, unlike at higher temperatures. Based on these findings, the optimal 
roasting conditions were determined to be a roasting temperature of 600 - 650°C, coal 
addition of 10 - 20 wt% and a roasting time of 90 min.  
 
 
                                                 
3
 XRD patterns of ore that has been roasted at 700°C under variable time and reductant addition are 
presented in Appendix 3  
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Figure 3.9: XRD patterns of ore roasted for 90 min with coal addition varied at a) 
650°C and b) 750°C. Only major peaks have been labeled. Key to abbreviations used: 
Ap (apatite, F bearing), Dol (dolomite), Cal (calcite), Fa (fayalite), Hem (hematite), Ilm 
(ilmenite), Mag (magnetite), Mnz (monazite-Ce), Spl (spinel), Qtz (quartz), Wus 
(wüstite). (NB: Copper K-alpha radiation source) 
 
 
(a) 
(b) 
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3.3.2.4 Coal particle size 
 
The effect of coal particle size was investigated under the ideal roasting conditions of 650 °C, 
15 wt% coal and 90 min roasting time. To explore the effect of reductant particle size the 
bottom size of the coal was varied from +150 μm to +600 μm while the top size was held 
constant at -2.36 mm and the coal was thoroughly mixed with the ore prior to roasting. The 
mass loss after roasting was determined and is shown in Table 3.8. It was found that a 
consistent mass loss was observed as the coal particle size range was varied. The slight 
variation in mass loss was attributed to sample variability and error of the balance (standard 
deviation of +/-0.3%).  
 
Table 3.8: Mass loss for goethite-rare earth ore roasted at 650°C for 90 min with a coal 
addition of 15 wt%. Coal top size held constant at -2.36 mm while the bottom size is 
varied. 
 
  
Coal bottom size (μm)  %Mass loss (+/-0.3) 
+150  17.1 
+212  16.8 
+300 17.3 
+425  17.3 
+600 16.8 
 
The mineralogy of the roasted products were also analysed by powder XRD where the 
mineralogy was consistent in all roasted ore samples irrespective of the coal particle size. 
Hematite was absent in all diffraction patterns indicating that complete conversion to 
magnetite had taken place (Figure 3.10). Hence varying the particle size range of the coal has 
little to no influence on the conversion of hematite to magnetite within the range of particle 
sizes explored which is to be expected given that volatile matter released from coal is 
primarily responsible for the reduction of iron oxides at low temperature (Komatina and 
Gudenau, 2004; Liu et al., 2004). Had the source of reducing gases been solely from the 
gasification of char, the particle size of the coal should have a pronounced effect on hematite 
reduction (Fruehan, 1977; Rao, 1971). The use of a coarse sized coal for magnetising roasting 
is preferable as the mass of material that must be isolated for subsequent char separation is 
considerably reduced and char removal is therefore simplified.  
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Figure 3.10: XRD patterns of ore roasted at 650°C for 90 min with 15 wt% coal; coal 
particle size has been varied. Only major peaks have been labeled. Key to abbreviations 
used: Ap (apatite, F bearing), Ilm (ilmenite), Mag (magnetite), Mnz (monazite-Ce), Qtz 
(quartz). (NB: Copper K-alpha radiation source) 
 
3.3.3 Mineralogical changes occurring during reduction roasting and its impacts 
3.3.3.1 Rare earth minerals 
 
Monazite is known to undergo thermal decomposition at high temperature and reducing 
conditions typically encountered in the direct reduction of iron  (Gao et al., 2010; Gao et al., 
2012). There is limited information regarding the stability of monazite under more mild 
conditions encountered in the magnetising roasting of iron ores. Gao et al. (2012) examined 
the behaviour of monazite during coal-based direct reduction of Bayan Obo Fe-REE ore at 
1225°C. The study found that monazite was decomposed by calcium oxide present in the 
gangue to form rare earth oxides and tricalcium phosphate according to Reaction 3.1: 
 
  Chapter 3 
111 
 
                                 (3.1) 
 
In the temperature range of 500 - 700°C which is typical of magnetising roasting of iron ores, 
monazite was found to be stable and no decomposition was observed in this ore as 
decomposition products could not be identified in any of the powder diffraction patterns 
(Figure 3.5) or in samples of roasted ore for which QXRD was performed (Table 3.3). BSE 
images of ore roasted at 650°C also showed monazite grains had been unaltered during 
roasting (Figure 3.11a – c, 3.12d). The stability of monazite during magnetising roasting is 
advantageous with respect to RE mineral beneficiation after magnetite separation as 
subsequent recovery via conventional mineral beneficiation can take place. Florencite, the 
second most abundant RE mineral present in this ore was found to be absent in all of the 
powder diffraction patterns (Figure 3.5) for roasted ore and in samples for which QXRD was 
performed (Table 3.3). The absence of florencite suggests that this mineral has undergone 
thermal decomposition according to the proposed reaction:     
 
                                               (3.2) 
 
The thermal decomposition of florencite should be accompanied by a general increase in the 
monazite content of roasted ore which was observed. The monazite content was found to 
have increased from 7.7 relative wt% in the feed to over 10 relative wt% in roasted ore (Table 
3.3). Further confirmation of florencite decomposition was observed by SEM which showed 
small grains of relict florencite in an aluminium phosphate matrix (Figure 3.11d). A similar 
finding was observed in a study by Chistov et al. (1995) on the influence of microwave 
treatment on a REE-Nb ore from the Tomtor deposit located in Siberia where it was found 
that thermal treatment resulted in the decomposition of crandallite group minerals and an 
increase in monazite content of the treated ore. The thermal decomposition of crandallite 
group minerals such as florencite could be beneficial for RE mineral beneficiation from this 
ore after iron removal as any RE concentrate recovered would be free of calcium and 
aluminium minerals. Furthermore, RE mineral separation is simplified as RE orthophosphates 
such as monazite would be targeted for recovery rather than a broad host of RE-bearing 
phosphate minerals.    
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Figure 3.11: BSE images of typical RE-containing minerals in ore roasted at 650°C in 
the presence of 5 wt% coal for 90 min. Images: a) shows a large, poly-crystalline 
monazite particle (bright) coated by a fine-grained, fibrous Fe-rich phase (grey); b) 
enlarged part of a) (region indicated by box) showing the fibrous Fe-oxide is extremely 
fine-grained and is composed of a mixture of Fe-oxide (most likely magnetite), Fe-Ti 
oxides (indicated by ‘FeTi’) and unidentified Fe-rich phases containing elevated Al, Si 
and P; c) discrete monazite grain; d) a mixture of RE-containing florencite (small bright 
grains) in a matrix of Al phosphate (darker). Scale bar in image a) represents 50 
micron. In all other images the scale bar is 10 micron. 
b) 
d) 
a) 
c) 
FeTi 
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3.3.3.2 Iron minerals 
 
The sequence of reactions taking place during coal based magnetising roasting are illustrated 
in Reactions 3.3 - 7
4
. Magnetising roasting commences with the dehydroxylation of goethite 
to hematite, followed by reduction of hematite to magnetite and further reduction of 
magnetite to wüstite depending on the temperature and reducing conditions (Jang et al., 
2014). The source of reducing gases for the low temperature reduction of iron oxides (T < 
800°C) arises from the volatiles released during coal pyrolysis according to Reaction 3.3 
(Komatina and Gudenau, 2004; Liu et al., 2004). Whilst CO is an important reductant in 
ferrous pyrometallurgy and is more effective than H2 at low temperature (Rosenqvist, 2004), 
the proportion of CO released during coal devolatilization is small relative to H2 with CO 
gaining importance at high temperatures where the Boudouard reaction (Reaction 3.4) 
dominates (Cyprès and Soudan-Moinet, 1981; Grey et al., 2001).       
 
                                        (3.3) 
 
                          (3.4) 
 
                         (3.5) 
 
                                     (3.6) 
 
                                  (3.7) 
 
Over-reduction of magnetite to form wüstite (Reaction 3.7) is undesirable as wüstite is 
unresponsive to LIMS (Uwadiale and Whewell, 1988). Wüstite was generally only observed 
in ore roasted at 700 – 750°C where conditions were more reducing relative to the lower 
temperatures (Figure 3 9b). Whilst satmagan indicated that over reduction appears to have 
                                                 
4
 In the discussion of chemical and mineralogical changes involving the oxides of iron, wüstite is 
assumed to have the idealised formula FeO  
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taken place at 650°C when 30 wt% coal was present in the mixture (Table 3.7, Figure 3.8), no 
wüstite could be identified in the powder diffraction pattern (Figure 3.9a). It can therefore be 
inferred that magnetite is the stable iron oxide phase below 700°C and wüstite is unstable 
below this temperature (Iwasaki and Prasad, 1989; Ross, 1973). As such, in order to avoid 
over reduction, magnetising roasting for this particular ore should be conducted below 
700°C, preferably in the range of 600 - 650°C.   
 
Microstructural characterisation by SEM of ore roasted at 650°C with 5 wt% coal for 90 min 
showed that some of the magnetite formed during roasting had a fibrous-sponge like texture 
which coated monazite and gangue particles alike (Figure 3.11a and 3.11b). A similar 
observation was made by Dahlem and Sollenberger (1963) in their study of magnetite grain 
growth during the reduction roasting of oxidised taconites where sponge-like magnetite 
formed on the original hematite grains and on gangue mineral surfaces. Such a growth 
phenomenon for the synthetically formed magnetite could be problematic from a 
beneficiation standpoint as magnetite-coated rare earth and gangue mineral particles would 
be receptive to LIMS. Dahlem and Sollenberger (1963) in their study found that the fibrous 
magnetite was unconsolidated and could be easily removed by wiping with alumina on a silk 
cloth. Hence fibrous magnetite formation during magnetising roasting would not be an issue 
as the fibrous magnetite could potentially be easily liberated from gangue and rare earth 
minerals by attrition scrubbing of roasted material or during grinding though this will need to 
be confirmed in later work.      
 
A number of additional complex reactions involving iron appear to have taken place at high 
temperature and strongly reducing conditions. Fayalite was observed in ore that had been 
roasted at 750°C with 15 - 30 wt% coal in the mixture (Table 3.3, Figure 3.9b). The presence 
of fayalite suggests that direct reaction between magnetite or wüstite and silica has taken 
place according to the following possible reactions (Van Den Berg and Dippenaar, 1989): 
 
                                (3.8) 
 
                        (3.9) 
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The source of silica required for Reactions 3.8 and 3.9 likely being from quartz present in the 
ore or from coal ash (Van Den Berg and Dippenaar, 1989). In addition to fayalite, the 
formation of spinel phases other than magnetite had also taken place at 750°C (Table 3.3). 
Specific minerals with the spinel structure other than magnetite however were difficult to 
identify due to formation of solid solutions. On the basis of the changes in mineralogy taking 
place involving the oxides of iron and their interaction with gangue species, magnetising 
roasting should be performed below 700°C, preferably in the range of 600 - 650°C. The 
reasons for this are that magnetite has been shown to be the more stable iron oxide species in 
this temperature range, complex interactions between iron oxides and other gangue minerals 
present in the ore are minimised and the formation of spinel solid solutions is avoided.    
3.3.3.3 Gangue minerals 
 
The primary gangue minerals in the ore are dolomite, fluorapatite, quartz and ilmenite (Table 
3 1). Generally speaking, the gangue species present in the ore were unchanged during 
roasting aside from quartz (See section 3.3.2). In the case of fluorapatite, no evidence of 
reductive decomposition during roasting was observed as seen by QXRD (Table 3.3) and 
SEM (Figure 3.12a & c). This is to be expected given that the roasting temperatures explored 
were well below iron metallisation temperatures (1000 - 1200°C) where the competing side 
reaction of fluorapatite reduction would take place (See Section 1.3.3). A general increase in 
ilmenite content from 2 wt% in the raw ore to 6 wt% in roasted ore (Table 3.3) was observed. 
The increase suggests that there is an appreciable amount of amorphous ilmenite or ilmenite 
that has been oxidised and altered to the poorly crystalline pseudorutile phase which 
undergoes recrystallisation during roasting.  
 
According to TGA (Figure 3.3) dolomite decomposition commenced at 600°C, however 
XRD showed that no appreciable decomposition took place until temperatures exceeded 
650°C (Figure 3.9b). This was further confirmed by SEM with polycrystalline dolomite 
(Figure 3.12 b) and fine grained dolomite (Figure 3.12 d) being observed in ore roasted at 
650°C.  The expected dolomite decomposition products periclase (MgO) and lime (CaO) 
were difficult to determine via XRD with periclase only being identified in one sample 
examined by QPA which was roasted a 650°C (Table 3.3). This is likely due to the products 
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from dolomite decomposition being poorly crystalline at low temperature (Wiedemann and 
Bayer, 1987). The presence of small amounts of calcite in ore roasted at or above 650°C 
(Table 3.3) is likely due to highly reactive CaO formed from dolomite decomposition 
reacting with CO2 present in the atmosphere (Wiedemann and Bayer, 1987). While the 
presence of dolomite is not an issue with respect to primary separation of magnetite from the 
rare earths via LIMS, dolomite is expected to be problematic in the subsequent beneficiation 
of phosphate ores by processes such as froth flotation due to the surface chemical properties 
of carbonates and phosphates being very similar which makes separation difficult (Abouzeid, 
2008). Furthermore, dolomite is an acid consuming gangue mineral and its presence is 
undesirable in any potential hydrometallurgical processing of the RE enriched tails or 
concentrate. Dolomite calcination during magnetising roasting however does not address the 
issue of acid consumption during hydrometallurgical processing as the resultant oxides are 
poorly crystalline and highly reactive (Wiedemann and Bayer, 1987). The oxides could be 
removed however through an additional step comprising slaking and washing to remove the 
resultant hydroxides (Abouzeid, 2008).    
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Figure 3.12: BSE images of gangue minerals in ore after roasting. Images: a) a porous 
Ca phosphate particle in ore roasted at 650°C with 5 wt% coal for 90 min; b) 
polycrystalline dolomite particle in ore roasted at 650°C with 15 wt% coal for 90 min; c) 
quartz particle (Qtz) with associated Ca-phosphate (Ca) in ore roasted ar 650°C with 15 
wt% coal for 90 min; d) complex Fe oxide particle with fine-grained monazite (bright 
phase), dolomite (Dol) and calcite (Cal). Scale bar in images a)-c) represents 20 micron. 
In image d) the scale bar is 50 micron. 
a) 
c) 
b) 
d) 
Qtz 
Ca 
Dol 
Cal 
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3.4. Conclusions 
 
In this chapter, the factors influencing goethite to magnetite conversion in the coal-based 
magnetising roasting of a goethitic rare earth ore from a lateritic deposit, as well as the 
accompanying chemical and mineral transformations were investigated. The influence of 
temperature, time, reductant addition and coal particle size were studied. Roasting 
temperature and reductant addition were found to have the greatest influence on goethite 
conversion to magnetite with the relationship between these two variables being inversely 
related; higher temperatures required less coal for reduction of goethite to magnetite. Despite 
the reduced coal requirement at temperatures greater than 650°C, magnetite stability was an 
issue with magnetite having a propensity to undergo further reduction to form wüstite. This is 
undesirable in the context of magnetising roasting as wüstite is unresponsive to low intensity 
magnetic separation. As such the optimal roasting conditions for this particular ore were 
determined to be a temperature range of 600 - 650°C with 10 - 20 wt% coal in the mixture at 
a furnace holding time of 90 min. Under ideal roasting conditions (650°C, 15 wt% coal, 90 
min) the coal particle size was found to have no influence on reduction within the coal 
particle size ranges studied. A coarse coal particle size would be preferable as it facilitates 
easier separation of char from the ore after roasting.  
 
Mineralogical analysis of the roasted products revealed that the reduction of goethite to 
magnetite proceeds via the dehydroxylation of goethite to form hematite with 
dehydroxylation going to completion at all roasting temperatures investigated. The stability 
of magnetite with respect to undergoing further reduction was not an issue for roasting 
temperatures at or below 650°C, however at 700 - 750°C, magnetite stability was found to be 
particularly sensitive to changes in reductant addition with magnetite readily undergoing 
further reduction to form wüstite. Further complications at high temperature arise from the 
formation of other spinel phases and from the solid state reaction of wüstite with quartz to 
form fayalite. Characterisation of partially reduced ore at 650°C by SEM showed that some 
of the magnetite formed sponge-like growths which coated rare earth and gangue minerals 
alike. The chief rare earth mineral in this ore, monazite was found to be stable at all roasting 
conditions and did not undergo decomposition. Florencite however was absent in the 
diffraction patterns of roasted ore which suggests that this mineral underwent thermal 
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decomposition. Florencite decomposition was accompanied by a general increase in monazite 
content of the roasted ore. The thermal stability of monazite during magnetising roasting is 
beneficial as targeted recovery of this mineral from the rare earth enriched tails can take place 
after magnetite separation.             
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Chapter 4: 
Bulk magnetising roasting of a goethitic rare 
earth ore and assessment of low intensity 
magnetic separation 
 
 
 
 
 
 
 
 
 
In this chapter, the feasibility of magnetically separating iron oxides from a ferruginous 
lateritic rare earth ore after the ore had been subjected to magnetising roasting was evaluated.  
Magnetising roasting was carried out on bulk samples of ore feed weighing 500 g based on 
optimal conditions previously determined with the aim of converting feebly magnetic iron 
(III) oxides to magnetite. The effects of magnetic field strength and feed top size on the 
efficiency of low intensity magnetic separation (LIMS) was explored through rougher 
magnetic separation tests using a Davis tube tester and chemical and mineralogical analysis 
of the rougher magnetic concentrates and tails was performed. Magnetic separation was 
successful in removing iron (as magnetite) to the concentrate at a minimum field strength of 
0.2 T; this was however non-selective, with significant amounts of rare earths reporting to the 
magnetic fraction. The rare earth enriched tails showed decreased grade and recovery and this 
was due to a number of factors including insufficient liberation, presence of iron oxide 
coatings on mineral surfaces and heteroflocculation. The findings of this study provided 
insight towards the potential optimisation and viability of the proposed process of 
magnetising roasting and low intensity magnetic separation as a means to beneficiate 
ferruginous lateritic rare earth ores.   
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4.1. Introduction 
As discussed previously, there is significant interest in the exploration and processing of rare 
earth bearing lateritic ore deposits derived from the weathering of primary carbonatite ore 
bodies due to their favourable characteristics such as high rare earth grade, large tonnage and 
close proximity to the surface (such that they can be subjected to open pit mining) (Cocker, 
2014; Linnen et al., 2014; Mitchell, 2015). Rare earth bearing laterites are also enriched in 
other valuable elements in addition to the rare earth elements such as niobium (Nb), tantalum 
(Ta), phosphorus (P), iron (Fe), titanium (Ti) and zirconium (Zr) (Jaireth et al., 2014; Linnen 
et al., 2014; Verplanck et al., 2014). Rare earth minerals in lateritic deposits are very fine 
grained and occur as polycrystalline aggregates, fine disseminations and intergrowths with 
Fe-Mn oxides (Mitchell, 2015; Verplanck et al., 2014); the textural characteristics of rare 
earth minerals in lateritic deposits make beneficiation of these ores a challenge (see Chapter 
2). For example, the similar magnetic susceptibility of rare earth minerals and iron (III) 
oxides/oxyhydroxides renders high intensity magnetic separation (HIMS) to either remove 
iron oxides or concentrate the RE phosphates ineffective (see Chapter 2). Flotation is the 
preferred process (Jordens et al., 2013), however flotation has its own challenges as gangue 
minerals present in lateritic ores such as goethite, hematite, apatite and carbonates (dolomite, 
calcite) are readily floatable using the same collectors used to float rare earth minerals.  
 
A potential avenue to beneficiate ferruginous lateritic rare earth ores involves conducting a 
roasting process to convert feebly magnetic iron oxides (hematite, goethite) to strongly 
magnetic oxides (magnetite or maghemite). Subsequent comminution and application of a 
low intensity magnetic field to fully or partially remove the magnetic iron oxides thus 
produces a rare earth enriched product (Chapter 1). Such a process is termed magnetising 
roasting and has been applied to the beneficiation of refractory iron ores unresponsive to 
conventional mineral dressing processes (Iwasaki and Prasad, 1989; Uwadiale, 1992). The 
process involves roasting the ore in a weakly reducing environment at 500 to 700°C which 
results in partial reduction of iron (III) oxides to magnetite followed by low intensity 
magnetic separation (LIMS) to produce an iron-rich magnetic product and tailings (Iwasaki 
and Prasad, 1989; Uwadiale, 1992). Reformed hydrocarbons or solid carbonaceous reductants 
such as coal can be used to generate the reducing atmosphere necessary for magnetising 
roasting (Iwasaki and Prasad, 1989; Uwadiale, 1992). If the process is applied to iron-rich RE 
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bearing ores, the expected result would be a tailings enriched in rare earths which can be 
concentrated further by conventional methods such as froth flotation. Despite the energy 
penalty associated with roasting, a magnetising roast is advantageous as LIMS is simpler and 
more selective than other separation techniques such as froth flotation and HIMS (Iwasaki 
and Prasad, 1989).  
 
The majority of research carried out to date on magnetising roasting-magnetic separation as 
applied to rare earth bearing ores has been performed exclusively on rare earth-bearing iron 
ores originating from the Bayan Obo Fe-REE-Nb deposit located in Inner Mongolia, China, 
which was reviewed in the first chapter of this thesis. Work outside of China on the 
applicability of magnetising roasting-magnetic separation for the beneficiation of ferruginous 
rare earth ores is limited. However recently, research was carried out by Serdyuk et al. (2017) 
on magnetising roasting of lateritic rare earth ores derived from the weathering of primary 
carbonatites. Serdyuk et al. (2017) carried out magnetising roasting-magnetic separation tests 
on weathered ore from the Chuktukon Nb-REE deposit in Siberia, Russia. Ore grading 6.9 
wt% REOT and 56 wt% Fe2O3 was roasted at 300 - 650°C using semi-coke as the reductant 
and reduced products were milled and subjected to LIMS (Serdyuk et al., 2017). The best 
results with respect to RE and Nb recovery to the non-magnetic tails (65% and 75% 
respectively) were attained when ore was roasted at 400°C (Serdyuk et al., 2017); no mention 
was made of the rare earth and niobium grades in the non-magnetic tails.  
 
In this chapter, an investigation into bulk magnetising roasting of a lateritic rare earth ore and 
subsequent magnetic separation of iron oxides from the reduced ore to prepare a rare earth 
enriched tails is presented. Roasting was performed using coal as the reductant under optimal 
conditions for goethite and hematite conversion to magnetite which were previously 
determined in Chapter 3. The reduced ore was characterised by X-ray fluorescence (XRF), 
QXRD, screen analysis and SEM. The influence of magnetic field intensity and feed top size 
on rougher magnetic separation of iron and rare earths from reduced ore was explored. 
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4.2. Materials and Methods 
4.2.1. Materials 
 
The material used in this study was 20 kg of a ferruginous rare earth ore sourced from a 
lateritic deposit that had been crushed to 80% passing 1.18 mm. The material was 
characterised in a separate study (refer to Chapter 2). A riffled 1.3 kg sub-sample of the 
crushed ore was screened to remove the +2.36 mm fraction and produce a -2.36 mm feed for 
use in this study. The +2.36 mm fraction was removed due to the low rare earth content and 
high content of Ca and Mg gangue. The -2.36 mm feed was characterised by XRF and 
QXRD. The reductant used in this study was a sub-bituminous coal of non-coking nature 
from the Collie Basin, Western Australia. The coal was screened and the -6.68 +2.36 mm 
fraction was used in this study. The moisture, ash and volatile matter content of the coal were 
determined according to ASTM methods D3173, D3174 and D3175 respectively (ASTM 
D3173/D3173M-17, 2017; D3174-12, 2012; D3175-17, 2017) and the fixed carbon was 
calculated by difference. Proximate analysis of the coal gave a moisture content of 15.3 wt%, 
38.6 wt% volatile matter, 54.2 wt% fixed carbon and 7.2 wt% ash.  
 
4.2.2. Coal-based magnetising roasting 
  
An externally heated rotating drum reactor was employed for carrying out coal-based 
magnetising roasting of the -2.36 mm ore feed. The apparatus consisted of 253 MA stainless 
steel drum with a length of 24 cm, diameter of 17 cm and a 3 cm diameter opening for 
introduction of ore and reductant. The drum was rotated on solid stainless steel rollers in a 
top-opening electric muffle furnace similar to what has been described by Grey et al. (2001); 
the muffle furnace and drum reactor are shown in Figure 4.1.  
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Figure 4.1: Top-opening electric muffle furnace (a) and (b) rotary drum reactor used 
for carrying out magnetising roasting of the ore. 
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The roasting conditions chosen for this study were a temperature of 650°C, a holding time of 
90 min and a reductant addition of 15 wt% (177 kg coal per tonne of feed). The roasting 
conditions were based on conditions that favored complete conversion of goethite and 
hematite in the feed to magnetite (see Section 3.3.2.3). The roasting procedure was as 
follows; 550 g of -2.36 mm ore feed and 97 g of coal were added to the drum through a hole 
in one end, the drum plus contents were placed into the muffle furnace and the drum rotated 
at a speed of 2 rpm. The drum and its contents were heated from room temperature to the 
required temperature of 650°C and held at this temperature for 90 min. It took on average 60 
min to heat the drum and contents from room temperature to 650°C. After the elapsed time, 
the drum was removed from the furnace and the contents cooled to room temperature by the 
injection of nitrogen gas into the drum to prevent oxidation of the artificial magnetite. A total 
of 1 kg of roasted ore was generated for testing. The mixture of roasted ore plus char was 
subjected to char separation prior to wet low intensity magnetic separation (WLIMS).    
           
4.2.3. Char separation   
 
The coal particle size during roasting was controlled to enable separation of char from the ore 
after roasting. Char separation was performed by a combination of dry screening and gravity 
separation using a CSIRO-designed laboratory hindered settling classifier. The mixture of 
reduced ore and char was dry screened using a 1.17 mm sieve and the product retained on the 
1.17 mm screen was further screened using sieves of increasing aperture size; 1.7 and 2.36 
mm, to produce three discrete size fractions. The +2.36 mm fraction consisted entirely of char 
and was not treated by gravity separation. The -2.36 +1.7 mm and -1.7 +1.17 mm size 
fractions were treated batch wise in the hindered settler to separate the lighter char from 
heavy minerals. A concentrate (heavy minerals) and a tails (char, light minerals) were 
collected for both size fractions processed. Products were air-dried overnight in an oven at 
60°C and sampled for chemical analysis and carbon and sulfur analysis by LECO combustion 
analyzer. The concentrates recovered by gravity separation were recombined with the -1.17 
mm fines to form the feed for WLIMS.  A sub-sample of the roasted ore feed was subjected 
to a combination of wet and dry screening to determine the size distribution of ore after 
roasting and char separation.        
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4.2.4. Wet low intensity magnetic separation (WLIMS)  
4.2.4.1. Feed preparation  
 
Feed preparation for WLIMS involved pulverising riffled batches of roasted ore to below 75 
μm and 45 μm using a tungsten carbide ring mill with classification being performed by dry 
screening. Feed was pre-screened prior to grinding to remove any undersize. Two different 
sized feeds were produced with differing top size; 95% passing 75 μm and 97% passing 45 
μm. The pulverised feeds were split into 20 – 25 g sub-samples for Davis Tube testing and 
smaller sub-samples taken for laser particle size analysis. 
4.2.4.2. Particle size analysis 
 
Particle size analysis of milled feeds was performed using a Malvern Mastersizer 3000 
equipped with a Hydro LV sample dispersion unit and deionized water was used as the liquid 
medium. Size ranges were reported as D10, D50 and D90 which refer to the size (μm) at which 
10, 50 and 90% by volume of the material would pass. The size range of the milled feeds is 
shown in Table 4.1. 
 
Table 4.1: Size range (μm) of milled roasted feed used for Davis Tube testing. 
 
 
Milled feed size D10 D50 D90 
P95 75 μm 1.95 17.8 68.0 
P97 45 μm 2.85 17.3 42.0 
 
4.2.4.3. Davis Tube testing  
 
Wet low-intensity magnetic separation of the roasted ore was carried out using an Eriez 
Model EDT Davis Tube tester shown in Figure 4.2. The Davis Tube Tester is a laboratory 
magnetic separator designed to separate small samples of pulverised magnetic iron ores into a 
highly magnetic and weakly magnetic fraction via low intensity magnetic separation (Schulz, 
1964). For the test work, the tube angle was set at 45°, the stroke length was 40 mm at a 
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frequency of 60 strokes min
-1
, the water flow rate was held at 0.3 L min
-1
 and each Davis 
Tube test (DTT) was conducted for 20 min. Split samples of pulverised roasted ore were 
subjected to Davis Tube testing at magnetic field strengths between 0.1and 0.4 tesla (T) 
which were measured by a gaussmeter. DTT resulted in two products; a strongly magnetic 
fraction and a weakly magnetic fraction. The products were allowed to settle, the liquid 
decanted and the solids air-dried in an oven overnight at 80°C. Products were weighed and 
sub-samples were collected for chemical analysis and characterisation by powder XRD.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Davis Tube Tester used for laboratory magnetic separation experiments. 
 
 
4.2.5. Characterization methods 
4.2.5.1. Chemical composition (XRF, ICP-OES, ICP-MS and loss on ignition (LOI)) 
 
Ore feed pre- and post- reduction roasting, rougher magnetic concentrates and tails were 
analysed by XRF according to a method that has been previously described (see Section 
2.2.3.1). Elemental analysis of coal and char samples was performed by a combination of 
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ICP-OES and ICP-MS using an Agilent 730 ICP-OES instrument and an Agilent 7700 ICP-
MS, respectively. Samples were dissolved by microwave digestion using a mixture of nitric 
acid and hydrogen peroxide in an Anton Paar Multiwave 3000 microwave digestion unit. The 
digest solutions were made to 100 mL volume and were diluted appropriately prior to 
analysis. All species have been reported on an oxide basis with the exception of iron and 
manganese which are reported on an elemental basis. The LOI of ore feed pre- and post-
reduction roasting was measured at 1000°C according to a method which has been previously 
described (see Section 2.2.3.2).  
4.2.5.2. Powder XRD 
 
Qualitative identification of mineral phases in magnetic and non-magnetic products was 
determined by XRD using a Bruker D4 Endeavour X-Ray diffractometer fitted with a copper 
tube (copper Kα radiation), an incident beam monochromator, and a scintillation detector. 
The diffractometer was operated at a voltage of 40 kV and current of 35 mA and diffraction 
patterns were collected over the range 5–90° 2θ; the total acquisition time was 20 min. For 
the ore feed pre- and post-reduction roasting, QXRD was performed. Samples were 
micronized in ethanol in a McCrone micronizer for 10 min, centrifuged to remove excess 
ethanol and dried at 60°C. Diffraction patterns were collected from 5-140° 2θ using a 
PANalytical MPD instrument fitted with a cobalt tube (cobalt Kα radiation) operated at 40 
kV and 40 mA. QXRD was carried out via the Rietveld method (Hill and Howard, 1987; 
Rietveld, 1969) using the software, TOPAS V5 (Bruker, 2013). The crystal structure 
information was obtained for goethite (Gualtieri and Venturelli, 1999), hematite (Blake et al., 
1966), ilmenite (Yamanaka et al., 2007), monazite (Pepin and Vance, 1981), florencite (Kato, 
1990), calcium cerium phosphate (Zubkova et al., 2003), fluorapatite (Bale, 1940), dolomite 
(Steinfink and Sans, 1959), quartz (Antao et al., 2008), kaolinite (Zvyagin, 1960) and 
muscovite (Güven and Burnham, 1967).  
4.2.5.3. SEM/ EDX Analysis 
 
BSE images were obtained for select size fractions of reduced ore and magnetic concentrates 
using a FEI Quanta 400 FEG-ESEM. The instrument was operated at high vacuum (<10
-5
 
Torr), an accelerating voltage of 15 kV and a beam current of 0.3 nA. The chemistry of 
  Chapter 4 
134 
 
individual phases was determined by performing standardless semi-quantitative spot EDX 
analyses and data collected using a Bruker X-Flash 5010 ED detector. 
4.2.5.4. Measurement of natural pH and zeta potential 
 
To measure the natural pH of a suspension of roasted feed in Milli-Q water, a weighed 
sample of pulverised roasted feed was combined with five times the amount of milli-Q water 
and mixed for 5 min. After mixing, the slurry was allowed to settle for 15 min and the pH of 
the supernatant was measured using a calibrated glass electrode (Hanna Instruments) at room 
temperature. The zeta potential of the roasted feed in Milli-Q water at the natural pH was 
measured using a Malvern Panalytical Zetasizer Nano Z instrument. To measure the zeta 
potential, a sample of roasted feed was combined with five times the amount of Milli-Q water 
and mixed for 5 min. After the elapsed time, the slurry was settled for 10 min and a sample of 
supernatant was collected. The supernatant (1 mL) was placed in a capillary cell and analysed 
directly in the instrument without any prior dilution at 25°C and a total of three 
measurements were made which were averaged.    
 
4.3. Results and discussion 
4.3.1. Feed characterization  
 
The crushed ore was screened to remove the +2.36 mm Ca, Mg-rich fraction (rejects) to 
produce an upgraded -2.36 mm ore feed. A metallurgical balance of the screening process is 
presented in Table 2. This shows that screening at a cut-off size of 2.36 mm results in 
rejection of 12.5% of the input mass. From Table 4.2, the rejects are enriched in gangue 
minerals with 27.8% of CaO, 24.7% of MgO, 17.7% of Mn and 16.2% of P2O5, respectively, 
reporting to this fraction. The screening, however, has also resulted in a loss of REO and 
Nb2O5 to the rejects with 8% of the REO and Nb2O5 reporting to this stream at a grade of 
4.78 wt% and 0.229 wt%, respectively.  
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Table 4.2: Metallurgical balance around the screening of ore to remove the +2.36 mm fraction and produce a -2.36 mm feed prior to 
magnetising roasting. 
 
  
LOI Al2O3 CaO TFe MgO Mn Nb2O5  P2O5 SiO2 TiO2 REOT 
Product Mass% A R A R A R A R A R A R A R A R A R A R A R 
+2.36 mm rejects 12.5 15.0 14.8 2.21 7.5 16.2 27.8 20.5 8.0 4.23 24.7 3.16 17.7 0.229 8.1 9.69 16.2 7.14 14.2 1.40 7.4 4.78 8.0 
-2.36 mm roaster feed 87.5 12.3 85.2 3.87 92.5 6.00 72.2 33.6 92.0 1.84 75.3 2.09 82.3 0.372 91.9 7.13 83.8 6.14 85.8 2.50 92.6 7.98 92.0 
Calculated head 100 12.6 100 3.66 100 7.27 100 32.0 100 2.14 100 2.22 100 0.354 100 7.45 100 6.26 100 2.36 100 7.58 100 
 
A – Concentration or grade (wt%) 
R – Recovery or distribution (%)   
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
LOI – Loss on ignition at 1000°C 
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Chemical assays of the -2.36 mm feed and the head sample are presented in Table 4.3; they 
show that relative to the head assay, there is an increase in REO, Nb2O5 and Fe grade in the -
2.36 mm feed and a reduction in LOI and gangue content due to the screening process. 
Subsequent, QXRD of the -2.36 mm feed (Table 4.4) shows that monazite (including Ca-Ce 
phosphate) is the chief rare earth bearing mineral with florencite being of secondary 
importance. Goethite is the primary gangue mineral in the feed, accounting for more than half 
of the feed (58%). Secondary gangue minerals identified were hematite (8.5%), dolomite 
(6.8%) and apatite (8.9%). 
 
Table 4.3: Chemical analysis of the head sample and the -2.36 mm feed pre- and post- 
roasting. 
 
Species (wt%) 
Head  
sample 
-2.36 mm  
Feed 
-2.36 mm  
Roasted ore* 
Al2O3 3.65 3.87 4.27 
CaO 7.37 6.00 7.33 
TFe 31.9 33.6 36.1 
MgO 2.12 1.84 1.97 
Mn 2.19 2.09 2.41 
Nb2O5 0.364 0.372 0.386 
P2O5 7.43 7.13 8.43 
SiO2 6.18 6.14 6.57 
TiO2 2.43 2.50 3.15 
REOT 7.65 7.98 9.11 
LOI (1000°C) 13.0 12.3 0.48 
 
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
 
*Roasting conditions - 650°C, 60 min pre-heating, 90 min holding time, 177 kg coal/tonne 
feed  
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Table 4.4: Mineral composition (relative crystalline wt%) of -2.36 mm ore pre- and 
post-reduction roasting as determined by the Rietveld method. (NB: Cobalt K-alpha 
radiation source) 
 
Mineral phase Chemical formula -2.36 mm ore -2.36 mm roasted ore* 
Goethite FeOOH 58.1 - 
Hematite Fe2O3 8.5 - 
Magnetite Fe3O4 - 61.3 
Ilmenite FeTiO3 0.7 3.4 
Monazite (Ce, La, Nd, Ca)PO4 7.6 11.6 
Ca-Ce phosphate (Ca, Ce)PO4 2.4 2.9 
Florencite CeAl3(PO4)2(OH)6 3.2 - 
Dolomite CaMg(CO3)2 6.8 1.8 
Fluorapatite Ca5(PO4)3F 8.9 15.5 
Quartz SiO2 1.6 2.7 
Kaolinite Al2Si2O5(OH)4 1.5 - 
Muscovite  KAl2(AlSi3O10)(F, OH)2 0.7 0.8 
 
 
*Roasting conditions - 650°C, 60 min pre-heating time, 90 min holding time, 177 kg 
coal/tonne feed  
 
4.3.2. Coal based magnetising roasting  
4.3.2.1. Char separation and recovery   
 
During magnetising roasting, coal used as the reductant undergoes devolatilisation releasing 
volatile matter for hematite reduction and producing a solid carbonaceous product (termed 
char). The presence of char would not be expected to impact magnetite removal from rare 
earths via LIMS, however it can have a negative impact on froth flotation if it were to be 
applied to recover rare earths post-magnetic separation (Gao et al., 2012); hence char removal 
after roasting was considered. The coal particle size (-6.68 +2.36 mm) was controlled to 
enable char separation from the reduced ore after roasting. Inspection of the roasted material 
revealed the presence of char particles finer than 2.36 mm suggesting that char undergoes 
disintegration during roasting.  
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The chemical assays and material balance for char separation from reduced ore via screening 
and gravity separation is presented in Table 4.5. Screening at a cut-off size of 2.36 mm 
recovered 71% of the carbon with only 0.06% of the rare earths reporting to the +2.36 mm 
char. Treatment of the -2.36 +1.7 mm fraction by hindered settling proved effective for char 
separation with a carbonaceous product being produced at a carbon recovery of 21% with 
only 0.15% of the rare earths reporting to the light char product. Treatment of the -1.7 +1.17 
mm fraction via hindered settling was ineffective at recovering a fine char product; at best a 
carbon and silica rich (relative to the -1.7 +1.17 mm concentrate) gravity tails was produced 
at a rare earth loss of 1.1%. Alternative technologies such as dry or wet HIMS or REFLUX® 
Classifier should be considered for treatment of this size fraction for carbon removal. 
Alternatively, given that the proportion by mass of the -1.7 +1.17 mm tailings (1.47 wt%) is 
small, treatment of this fraction to remove char may not be viable and separating the residual 
carbon at a later stage such as via a carbon pre-float after iron oxide removal by LIMS would 
most likely be more advantageous. However, screening and gravity separation proved highly 
effective in removing char after magnetising roasting with total carbon removal amounting to 
93% and total REO losses only being 1.3%, the majority of which is attributed to monazite 
losses in the -1.7 +1.17 mm tails. The only advantage to treating the -1.7 + 1.17 mm fraction 
appears to be the rejection of some silica and magnesia along with carbon. 
4.3.2.2. Mineralogical and chemical composition of reduced ore  
 
The chemical composition of the reduced -2.36 mm ore is tabulated in Table 4.3. From Table 
4.3 it can be seen that magnetising roasting results in a slight increase in REO content (8.52 
wt% REO in -2.36 mm feed versus 9.11 wt% in the roasted ore) and gangue content in the 
reduced ore and this is due to the mass loss associated with goethite and dolomite 
decomposition and oxygen removal during partial reduction of iron (III) oxides. This is also 
supported by the reduction in LOI content from 12.3 % in the raw feed to 0.48% in the 
roasted ore (Table 4.3). Magnetising roasting of the feed is also accompanied by a color 
change as shown in Figure 4.3 where the light brown color of the goethite-rich feed is 
converted to a black color after roasting which is indicative of the reduction of goethite and 
hematite to magnetite has taken place. Past experience has shown that a visual inspection of 
the color of the roasted products gives a rough indication of the degree of reduction and well 
roasted material takes on a dark brown/black color reflecting the conversion of goethite and 
hematite to magnetite and/or maghemite.  
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Table 4.5: Char separation after magnetising roasting by dry screening and gravity separation. 
 
 
  
C CaO P2O5 S TFe MgO SiO2 REOT 
Product Mass, wt% A R A R A R A R A R A R A R A R 
+2.36 mm char (screened) 8.29 83.0 71.4 0.392 0.49 0.206 0.23 0.470 17.1 0.54 0.13 0.083 0.40 2.25 2.47 0.054 0.06 
-2.36 +1.7 mm char 2.64 76.8 21.1 1.01 0.40 0.664 0.24 0.430 5.00 2.97 0.24 0.481 0.74 2.35 0.82 0.456 0.15 
-2.36 +1.7 mm concentrate 5.86 1.55 0.94 11.3 9.93 8.18 6.52 0.190 4.90 30.9 5.46 3.32 11.4 7.91 6.14 6.44 4.73 
-1.7 +1.17 mm tails 1.47 2.69 0.41 9.22 2.03 6.85 1.37 0.320 2.07 27.7 1.23 3.57 3.07 11.1 2.16 6.01 1.11 
-1.7 +1.17 mm concentrate 5.42 1.10 0.62 10.1 8.21 8.98 6.62 0.160 3.82 34.8 5.69 2.62 8.29 4.28 3.07 8.41 5.71 
-1.17 mm fines 76.3 0.70 5.55 6.90 78.9 8.20 85.0 0.200 67.1 37.9 87.2 1.71 76.1 8.45 85.3 9.24 88.3 
Feed (calculated) 100.0 9.63 100.0 6.67 100.0 7.36 100.0 0.227 100.0 33.2 100.0 1.71 100.0 7.56 100.0 7.99 100.0 
 
 
A – Concentration or grade (wt%) 
 
R – Recovery or distribution (%)   
 
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
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Figure 4.3: Appearance of -2.36 mm ore feed pre- and post-magnetising roasting 
showing a change in colour from light brown in the original goethite-rich feed (labelled 
OF) to black in the reduced feed (labelled RF) indicating that conversion of goethite to 
lower valence state iron oxides has taken place. 
 
The bulk mineralogy of the ore after magnetising roasting at 650°C for 90 min and char 
separation post-roasting is presented in Table 4.4. Relative to the raw -2.36 mm feed, roasting 
has resulted in complete conversion of goethite and hematite to magnetite under the roasting 
conditions employed in this study and there was no evidence that over-reduction to wüstite 
has taken place. The magnetic susceptibility of magnetite is an order of a thousand times 
greater than monazite (See Table 1.5) and hence the removal of magnetite via LIMS and 
concentration of monazite in the tails should be possible. Assuming complete removal of 
magnetite from the roasted feed, this should theoretically result in a doubling of REO grade 
from 9.11 wt% to 18.8 wt%. Decomposition of florencite has taken place given by its absence 
in the reduced ore and there was an increase in monazite content from 7.6% in the raw feed to 
11.6% in the reduced ore; this is consistent with previous findings where it was postulated 
that florencite decomposed to monazite during roasting (see Section 3.3.3.1). Additionally, 
monazite appears to be thermally stable under the high temperature reducing conditions 
encountered during magnetising roasting. The decrease in dolomite content from 6.8 % in the 
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raw feed to 1.8% in the reduced ore indicates that decomposition has taken place and is 
consistent with previous work where it was observed that dolomite decomposition readily 
commenced at or above 600°C (see Section 3.3.2.1). The presence of residual dolomite 
however indicates that decomposition did not go to completion. Additional bulk 
mineralogical changes observed include an increase in ilmenite content of the reduced ore 
and decomposition of kaolinite took place during roasting. The increased ilmenite content in 
the reduced ore suggests that titanium in the raw ore is present as poorly crystalline and/or 
oxidized species such as pseudorutile and leucoxene which undergo recrystallization 
reactions to ilmenite during roasting.  
4.3.2.3. Screen analysis of roasted feed 
 
Screen analysis of the roasted feed was performed by a combination of wet and dry screening 
based on the method previously described in Section 2.2.2 and the mass distribution of the 
roasted feed is presented in Table 4.6 and compared to the as-received ore. Whilst the 
original feed was pre-screened to remove the +2.36 mm fraction prior roasting, a comparison 
is still appropriate as the +2.36 mm fraction comprised a small fraction of the total feed (refer 
to Table 2.2). From Table 4.6 it can be seen that after roasting there is a considerable 
reduction in the amount of fines (-38 μm) relative to the un-roasted as-received ore, 30.0 wt% 
versus 53.6 wt%. Relative to the un-roasted material, it can be seen from Table 4.6 that 
considerable agglomeration or sintering appears to have taken place during roasting as seen 
by the high proportion of material in the -0.6 +0.3 mm and -0.3 +0.106 mm size fractions in 
roasted feed. A log-log plot of cumulative wt% passing versus nominal sieve size (Gates-
Gaudin-Schumann plot) for both the roasted -2.36 mm feed and as-received un-roasted ore 
presented in Figure 4.4 which shows that there is a significant reduction in fines after 
roasting. The microstructure of some of these sintered particles was investigated via SEM to 
obtain textural information. BSE imaging was performed on particles in the -0.6 +0.3 and -
0.3 +0.106 mm size fractions where a high proportion of particles present in this size range 
relative to unroasted feed, suggesting that sintering/agglomeration had taken place. 
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Table 4.6: Screen analysis of reduced -2.36 mm feed relative to the as-received 
unroasted ore. 
 
 
As-received ore -2.36 mm roasted feed* 
Sieve size range 
(mm) 
wt%  
retained 
Cumulative wt%  
passing 
wt%  
retained 
Cumulative wt%  
passing 
+2.36 11.1 88.9 0.0 100.0 
-2.36 +1.18 8.6 80.3 8.2 91.8 
-1.18 +0.6 6.0 74.4 11.4 80.4 
-0.6 +0.3 4.9 69.5 13.4 67.0 
-0.3 +0.106 5.8 63.7 20.2 46.9 
-0.106 +0.053 6.3 57.4 12.0 34.9 
-0.053 +0.038 3.8 53.6 4.8 30.0 
-0.038 53.6 0.0 30.0 0.0 
Total 100.0 - 100.0 - 
 
 
*Roasting conditions - 650°C, 60 min pre-heating time, 90 min holding time, 177 kg 
coal/tonne feed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Gates-Gaudin-Schumann plot of as-received, un-roasted ore (black) versus -
2.36 mm feed (red) that has been roasted at 650°C for 90 min in the presence of 15 wt% 
coal. 
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The BSE images of some sintered particles in the -0.6 +0.3 and -0.3 +0.106 mm size fractions 
are presented in Figures 4.5 and 4.6, respectively, and were typically identified due to their 
porous, rounded, grainy nature relative to other particles. Agglomerates typically consisted of 
porous spongey or fibrous iron oxides (probably magnetite) and encapsulated within these 
aggregates were monazite, ilmenite, apatite and calcined dolomite. The monazite 
encapsulated in these agglomerates will require fine grinding in order to be liberated prior to 
LIMS. A reoccurring theme observed with these aggregates was that there was typically K, 
Mg, Fe-bearing aluminosilicate phases in all aggregates, with their presence suggesting that 
they may have played a role in sintering. The fact that sintering has taken place is surprising 
given that the roasting temperature employed (650°C) is well below the typical temperatures 
utilised in sintering and pelletisation of iron ores which occurs at temperatures exceeding 
1200°C (Lu and Ishiyama, 2015; Zhu et al., 2015). Sintering is however possible for the 
following reasons; a long roasting time was employed (1 hour pre-heating , 1.5 hour holding 
time at temperature) which is much longer than the typical residence times in iron ore 
pelletisation and sintering which is on the order of minutes (Lu and Ishiyama, 2015; Zhu et 
al., 2015), the feed material was present in a finely divided state with a high proportion of 
fines, freshly reduced fine magnetite could be highly reactive and act as nucleation sites for 
agglomeration and high temperature bonding between various mineral phases has taken place 
possibly facilitated by aluminosilicates. 
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Figure 4.5: BSE images of some sintered particles in the -0.6 +0.3 mm size fractions 
after magnetising roasting at 650°C; (a) sintered porous heterogeneous aggregate of 
iron oxides with admixed silicates, monazite (bright phases) and ilmenite, (b) Same 
aggregate magnified to reveal the internal structure. Heterogeneous aggregate consists 
of monazite (Mnz, bright phases), an Fe, Mg-bearing mica phase (most likely biotite, Bt) 
and ilmenite (Ilm) imbedded in porous, fibrous mass of iron oxide (most likely 
magnetite), (c) fractured, porous and heterogeneous aggregate of monazite (bright 
phases) and mica phases (most likely biotite, Bt) encapsulated in iron oxide (most likely 
magnetite) and (d) same aggregate magnified showing the fibrous, hair-like growths of 
magnetite. 
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Figure 4.6: BSE images of some sintered particles in the -0.3 +0.106 mm size fractions 
after magnetising roasting at 650°C; (a) Spongey aggregate of iron oxide (most likely 
magnetite) with encapsulated monazite (bright phases) and ilmenite (Ilm) (b) rounded 
heterogeneous spongey aggregate of iron oxide, monazite (bright phases), ilmenite (Ilm), 
apatite (Ap) and very fine K, Fe, Mg-bearing aluminosilicates (possibly mica, Mca) and 
(c) porous aggregate consisting of fine iron oxides, some fine grains of monazite (bright 
phases), coarse grains of ilmenite (Ilm), apatite (Ap) and calcined dolomite [(Ca, Mg)O] 
and very fine K, Fe, Mg-bearing aluminosilicate (possibly mica, Mca). 
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4.3.3. Wet Low Intensity Magnetic Separation (WLIMS)  
4.3.3.1. Influence of magnetic field strength 
 
The influence of magnetic field strength on the separation of iron (as magnetite) from rare 
earths (as monazite) was explored by varying the magnetic field strength between 0.1 and 0.4 
T for roasted feed ground to 95% passing 75 μm. A magnetic and non-magnetic fraction were 
generated from each test and were weighed and assayed via XRF and based on the weights 
and XRF assays, the distribution or recoveries for the major species were calculated and 
presented in Table 4.7. From Table 4.7 it can be seen that the mass recovery of material to the 
magnetic fraction increases significantly with increasing field strength between 0.1 and 0.2 T 
beyond which the recovery only slightly increases with a further increase in field strength up 
to 0.4 T. Concurrently, the recovery of iron to the magnetic fraction follows a similar trend to 
the mass recovery with the highest recoveries occurring at or above 0.2 T (Table 4.7). 
Unfortunately the rare earths, niobium and gangue species also follow similar distribution 
patterns to iron above 0.15 T showing preferential partitioning into the magnetic fraction. The 
magnitude of the magnetic field strength significantly influences the recoveries of species, 
especially iron, to the magnetic fraction and minimum magnetic field strength of 0.15 T is 
necessary for adequate recovery of Fe to the magnetic fraction. The magnitude of the 
magnetic field strength weakly influenced the concentrations of species in the magnetic and 
non-magnetic fractions with the concentrations of REO, Fe and most other species being 
relatively constant above 0.15 T. 
 
The Fe grade in the magnetic fraction as a function of magnetic field strength relative to the 
feed is presented as a bar chart in Figure 4.7(a) where it can be seen that relative to the feed 
(assaying 36.1 wt% TFe - Table 4.3), magnetic separation has resulted in a slight enrichment 
of Fe in the magnetic fraction, with the highest being 41.2 wt% TFe at 0.1 T (Table 4.7). The 
bar chart in Figure 4.7 (b) of the REO grade in the non-magnetics as a function of magnetic 
field strength relative to the feed also shows an enrichment of REO in the tails relative to the 
feed (assaying 9.11 wt% - Table 4.3) with the highest REO grades, 10.3 wt%, occurring at 
0.4 T. This is however well short of the 18.8 wt% REO grade expected in the tails assuming 
complete removal of Fe (as magnetite) via LIMS. 
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Table 4.7: Rougher magnetic separation of roasted feed* dry milled to 95% passing 75 μm. 
 
 
  
Al2O3 CaO TFe MgO Mn Nb2O5 P2O5 SiO2 TiO2 REOT 
Product Mass%  A R A R A R A R A R A R A R A R A R A R 
0.4 T mags 84.4 4.31 84.9 5.92 74.1 38.2 88.7 1.71 79.7 2.38 83.0 0.372 81.0 7.54 79.6 6.25 80.6 2.85 78.4 8.77 82.2 
0.4 T non-mags 15.6 4.14 15.1 11.2 25.9 26.4 11.3 2.35 20.3 2.63 17.0 0.472 19.0 10.4 20.4 8.13 19.4 4.25 21.6 10.3 17.8 
Feed (calc.) 100.0 4.28 100.0 6.75 100.0 36.4 100.0 1.81 100.0 2.42 100.0 0.388 100.0 7.99 100.0 6.54 100.0 3.07 100.0 9.00 100.0 
0.3 T mags 82.2 4.35 83.1 5.78 70.5 38.5 86.9 1.67 76.7 2.37 80.6 0.372 79.0 7.47 77.0 6.23 78.1 2.82 76.0 8.82 80.1 
0.3 T non-mags 17.8 4.10 16.9 11.2 29.5 26.8 13.1 2.34 23.3 2.64 19.4 0.458 21.0 10.3 23.0 8.06 21.9 4.12 24.0 10.1 19.9 
Feed (calc.) 100.0 4.31 100.0 6.74 100.0 36.4 100.0 1.79 100.0 2.42 100.0 0.387 100.0 7.98 100.0 6.56 100.0 3.05 100.0 9.05 100.0 
0.2 T mags† 81.1 4.36 82.6 5.69 68.0 38.6 86.3 1.655 75.0 2.37 79.9 0.379 79.1 7.43 75.5 6.14 75.8 2.83 75.0 8.86 79.9 
0.2 T non-mags 18.9 3.93 17.4 11.5 32.0 26.2 13.7 2.36 25.0 2.56 20.1 0.429 20.9 10.3 24.5 8.39 24.2 4.05 25.0 9.57 20.1 
Feed (calc.) 100.0 4.27 100.0 6.78 100.0 36.2 100.0 1.79 100.0 2.41 100.0 0.388 100.0 7.98 100.0 6.56 100.0 3.06 100.0 8.99 100.0 
0.15 T mags 73.5 4.38 75.1 5.30 56.8 39.3 79.3 1.58 66.9 2.36 71.7 0.386 72.0 7.22 65.9 5.99 67.2 2.84 67.0 8.88 71.8 
0.15 T non-mags 26.5 4.02 24.9 11.2 43.2 28.4 20.7 2.16 33.1 2.58 28.3 0.415 28.0 10.3 34.1 8.09 32.8 3.87 33.0 9.64 28.2 
Feed (calc.) 100.0 4.28 100.0 6.86 100.0 36.4 100.0 1.73 100.0 2.42 100.0 0.394 100.0 8.05 100.0 6.55 100 3.11 100.0 9.08 100.0 
0.1 T mags 34.6 4.33 35.0 4.35 21.9 41.2 39.3 1.43 28.3 2.25 32.3 0.386 33.7 6.60 28.3 5.6 29.5 2.82 31.3 8.54 32.1 
0.1 T non-mags 65.4 4.25 65.0 8.21 78.1 33.7 60.7 1.92 71.7 2.50 67.7 0.401 66.3 8.84 71.7 7.08 70.5 3.27 68.7 9.54 67.9 
Feed (calc.) 100.0 4.28 100.0 6.87 100.0 36.3 100.0 1.75 100.0 2.41 100.0 0.396 100.0 8.06 100.0 6.57 100.0 3.11 100.0 9.20 100.0 
 
A – Concentration or grade (wt%) 
 
R – Recovery or distribution (%)   
 
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
 
†Average of two experiments 
 
*Roasting conditions - 650°C, 60 min pre-heating time, 90 min holding time, 177 kg coal/tonne feed 
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Figure 4.7: (a) Iron grade (wt%) in the feed and magnetics and (b) rare earth oxide 
grade (wt%) in the feed and non-magnetics as a function of magnetic field strength (T) 
for roasted feed ground to 95% passing 75 μm. 
 
 
Analysis of the magnetic and non-magnetic fractions for qualitative identification of mineral 
phases was performed by powder XRD and the diffraction patterns of the magnetics are 
presented in Figure 4.8 and non-magnetics in Figure 4.9. Diffraction patterns of the magnetic 
and non-magnetic fractions show that magnetite is the major mineral phase in both fractions 
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irrespective of field strength and monazite and apatite were found in the magnetic fractions. 
The peak intensities of magnetite were lower, and monazite, apatite and quartz peak 
intensities were higher in the non-magnetics (Figure 4.9) relative to the magnetic 
concentrates which does suggest that monazite and other species (apatite, quartz, mica and 
ilmenite) are concentrating in the tails to some extent. The fact that the rare earths are 
distributing to the magnetic fraction along with iron suggests that the rare earths and iron are 
closely associated with each other and monazite may not be well liberated at a grind size of 
75 μm. Detailed characterisation of the un-roasted ore via a number of techniques 
(QEMSCAN and SEM - refer back to Section 2.3.2) did show that monazite was fine grained 
and typically occurred as disseminations and intergrowths with iron oxides. Additionally, 
sintering had taken place after roasting which could exacerbate the issue of insufficient 
liberation, hence finer grinding of the roasted feed could mitigate these issues and be 
beneficial for magnetic separation and this was explored further. 
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Figure 4.8: XRD patterns of magnetic concentrates obtained from magnetic separation 
(single pass) of feed ground to 95% passing 75 μm; field intensity varied. Only major 
peaks have been labelled. Key to abbreviations used: Ap (apatite, F bearing), Mag 
(magnetite), Mnz (monazite-Ce). (NB: Copper K-alpha radiation source) 
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Figure 4.9: XRD patterns of non-magnetic tails obtained from magnetic separation 
(single pass) of feed ground to 95% passing 75 μm; field intensity varied. Only major 
peaks have been labelled. Key to abbreviations used: Ap (apatite, F bearing), Ilm 
(ilmenite), Mag (magnetite), mca (mica), Mnz (monazite-Ce), Qtz (quartz). (NB: Copper 
K-alpha radiation source) 
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4.3.3.2. Effect of feed top size  
 
The effect of feed top size (97% passing 45 μm) on rougher magnetic separation of iron and 
rare earths was explored by varying the magnetic field strength between 0.1 and 0.2 T. This 
range of field intensities was chosen because beyond 0.2 T very little changes were observed 
with respect to mass recoveries and species distribution. The magnetic and non-magnetic 
fractions that were generated from each test were weighed and assayed via XRF and the 
recoveries for all the major species were calculated and presented in Table 4.8. From Table 
4.8 it can be seen that REO recoveries to the tails were improved with finer grinding, 
however REO grades in the tails worsened as more iron reported to the tailings as well. For 
example, feed ground to 97% passing 45 μm and subjected magnetic separation at 0.15 T 
resulted in a REO recovery to the tails of 42.5% and a REO grade of 9.36 wt% (Table 4.8), 
whilst at the same field intensity the recovery and grade was 28.2% and 9.64 wt% (Table 4.7) 
for feed ground to 95% passing 75 μm.  
 
 The REO grade and recovery to the non-magnetic fractions as a function of magnetic field 
strength for both feed sizes (P95 75 μm and P97 45 μm) is presented as bar charts in Figure 
4.10 where it is seen that at all field intensities REO recoveries to the non-magnetics was 
higher and REO grades lower for the P97 45 μm feed relative to the P95 75 μm feed. Powder 
XRD patterns of the magnetic and non-magnetic fractions produced from rougher magnetic 
separation of P97 45 μm feed were not much different to those presented in Figures 4.8 and 
4.9 for P95 75 μm feed and showed monazite and apatite in magnetic concentrates (See 
Appendix 4).  
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Table 4.8: Rougher magnetic separation of roasted feed* dry milled to 97% passing 45 μm. 
 
 
  
Al2O3 CaO TFe MgO Mn Nb2O5 P2O5 SiO2 TiO2 REOT 
Product Mass% A R A R A R A R A R A R A R A R A R A R 
0.2 T mags 66.8 4.29 67.3 5.72 55.8 38.7 71.1 1.64 65.5 2.33 66.5 0.386 65.9 7.26 61.1 6.14 62.5 2.90 62.6 8.77 65.2 
0.2 T non-mags 33.2 4.19 32.7 9.12 44.2 31.6 28.9 1.74 34.5 2.36 33.5 0.401 34.1 9.28 38.9 7.40 37.5 3.49 37.4 9.41 34.8 
Feed (calc.) 100.0 4.26 100.0 6.85 100.0 36.3 100.0 1.67 100.0 2.34 100.0 0.391 100.0 7.93 100.0 6.56 100.0 3.10 100.0 8.98 100.0 
0.15 T mags 59.1 4.27 59.6 5.72 48.1 38.7 63.4 1.66 58.0 2.34 59.0 0.386 58.2 7.24 53.4 6.10 54.6 2.90 55.1 8.78 57.5 
0.15 T non-mags 40.9 4.19 40.4 8.93 51.9 32.3 36.6 1.74 42.0 2.34 41.0 0.401 41.8 9.12 46.6 7.32 45.4 3.42 44.9 9.36 42.5 
Feed (calc.) 100.0 4.24 100.0 7.03 100.0 36.1 100.0 1.69 100.0 2.34 100.0 0.392 100.0 8.01 100.0 6.60 100.0 3.11 100.0 9.02 100.0 
0.1 T mags 19.2 4.16 18.8 5.02 13.9 40.2 21.3 1.58 18.5 2.23 18.2 0.372 18.6 6.58 15.8 5.78 16.8 2.92 18.1 8.33 17.8 
0.1 T non-mags 80.8 4.27 81.2 7.42 86.1 35.3 78.7 1.66 81.5 2.38 81.8 0.386 81.4 8.34 84.2 6.80 83.2 3.15 81.9 9.13 82.2 
Feed (calc.) 100.0 4.25 100.0 6.96 100.0 36.2 100.0 1.64 100.0 2.35 100.0 0.383 100.0 8.00 100.0 6.60 100.0 3.11 100.0 8.98 100.0 
 
 
A – Concentration or grade (wt%) 
 
R – Recovery or distribution (%)   
 
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
 
*Roasting conditions - 650°C, 60 min pre-heating time, 90 min holding time, 177 kg coal/tonne feed 
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Figure 4.10: (a) Recovery and (b) grade of rare earth oxides to the non-magnetic 
fraction as a function of magnetic field strength (T) at two different grind sizes for 
roasted feed. 
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The separation factors of Fe (Fe/M) over REO and gangue during LIMS as a function of 
magnetic field strength and grind size were computed and this is presented in Table 4.9. The 
separation factor was defined by the following formula: 
 
                     ⁄   
(
       
           
)
(
      
          
)
⁄    (4.1) 
 
Where R is the recovery (%) of Fe and other species (M) to the magnetic and non-magnetic 
fractions respectively.  
 
Based on Equation (4.1), a higher separation factor corresponds to higher selectivity of 
magnetic separation for Fe over other rare earths and gangue under a given set of conditions 
whilst lower separation factors reflect the opposite. As seen in Table 4.9, for a given feed 
particle size, selectivity of LIMS for Fe over other species present in the feed increases with 
increasing field strength. Additionally, at a given magnetic field strength, reducing the feed 
particle size has worsened selectivity of LIMS for Fe over other species. Therefore, a higher 
magnetic field strength is required to compensate for the loss in selectivity of LIMS for Fe at 
finer feed size (45 um). In summary, reducing the feed top size from 75 μm to 45 μm resulted 
in improved recovery of rare earths to the non-magnetic fraction; however, REO grades 
worsened due to poorer selectivity of LIMS for Fe removal at a finer feed size. This could be 
due to a combination of reasons; finer grinding could have resulted in the generation of 
composite particles containing magnetic iron oxides with limited magnetic susceptibility to 
be effectively captured at the field strengths tested; and DTT parameters chosen in the present 
study being sub-optimal for the ultra-fine particulates in the finer sized feed.  
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Table 4.9: Separation factors for Fe over REO and gangue species (Fe/M) during LIMS as a function of magnetic field strength and 
grind size. 
 
 
 
Parameters  
(grind size, field strength) 
Fe/Al2O3 Fe/CaO Fe/Fe Fe/MgO Fe/Mn Fe/Nb2O5 Fe/P2O5 Fe/SiO2 Fe/TiO2 Fe/REOT 
P95 75 μm, 0.2 T 1.33 2.96 1.00 2.10 1.59 1.67 2.05 2.01 2.11 1.59 
P97 45 μm, 0.2 T 1.20 1.95 1.00 1.30 1.24 1.27 1.57 1.48 1.47 1.31 
P95 75 μm, 0.15 T 1.27 2.92 1.00 1.89 1.51 1.49 1.98 1.87 1.89 1.50 
P97 45 μm, 0.15 T 1.18 1.87 1.00 1.26 1.20 1.24 1.51 1.44 1.41 1.28 
P95 75 μm, 0.1 T 1.20 2.31 1.00 1.64 1.36 1.27 1.64 1.55 1.42 1.37 
P97 45 μm, 0.1 T 1.17 1.68 1.00 1.20 1.22 1.18 1.44 1.34 1.23 1.25 
  Chapter 4 
157 
 
4.3.3.3. Microstructural characterisation of magnetic concentrates and electrochemical 
affects     
 
Microstructural characterisation of magnetic concentrates at both feed sizes (P95 75 μm and 
P97 45) was performed via SEM to determine the nature of rare earth mineral losses and 
potential measures required to improve recovery and grade. Rare earth mineral occurrence in 
the magnetic concentrates were found to occur via three broad mechanisms which are 
illustrated by BSE images in Figures 4.11 – 4.13; insufficient liberation of rare earth mineral 
grains due to encapsulation in iron oxide matrix (Figure 4.11), near liberated rare earth 
mineral grains coated in iron oxide (Figure 4.12) and aggregation/flocculation (Figure 4.13). 
Rare earth losses due to encapsulation in gangue can be readily addressed through finer 
grinding of the feed. In the case of rare earth losses due to iron oxide coatings, such coatings 
render the rare earth minerals magnetic and this can be avoided through more extensive 
grinding or attrition scrubbing. Rare earth losses due to aggregation/flocculation appear to be 
significant and it can be seen in Figure 4.13 that rare earth minerals appear to be entrapped in 
loosely consolidated aggregates with iron oxide and gangue, with many of the aggregates 
appearing to have formed around calcium-magnesium oxide (dolime), suggesting that 
heteroflocculation is taking place. 
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Figure 4.11: BSE images of some rare earth mineral grains encapsulated in gangue 
present in magnetic concentrates produced at 0.15 T (a) large monazite grain (bright 
phase) encapsulated in iron oxide (grey phase, most likely magnetite), (b) heterogeneous 
grain consisting of monazite (bright phase) and dolime [(Ca, Mg)O] encapsulated in fine 
grained iron oxide (grey phase), (c) Complex particle consisting of apatite (dark grey 
phase, Ap) and fine acicular monazite (bright phases) intergrown with iron oxide (light 
grey phase, FexOy) and (d) monazite (bright phases) encapsulated in iron oxide (grey 
phase, most likely magnetite). Key to abbreviations used; Ap – apatite, FexOy – iron 
oxide, Mnz – monazite 
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Figure 4.12 (a) – (e): BSE images of some near liberated monazite grains (bright phases) 
coated in iron oxide (grey phase, most likely magnetite) present in magnetic 
concentrates produced at 0.15 T. 
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Figure 4.13 (a) – (e): BSE images of some loosely consolidated aggregates/floccules present in magnetic concentrates produced at 0.15 T. 
Key to abbreviations used; Ap – apatite, FexOy – iron oxide, Mnz – monazite, Qtz - quartz 
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A number of factors are likely responsible for flocculation such as: 
 
1. The natural pH of the system is at or near the pH of the point of zero charge (pHPZC) 
of major mineral components present in the roasted feed, magnetite, monazite and 
fluorapatite which have pHPZC values of 6.5, 7.2 and 7, respectively (Milonjić et al., 
1983; Somasundaran, 1968; Zhang and Honaker, 2017). Hence particle surfaces are 
uncharged or in a weakly charged state and as such electrostatic repulsion is at a 
minimum and Van Der Waals interactions are at maximum 
 
2. Aggregation of magnetite which readily takes place in water in the absence of an 
applied external magnetic field due to attraction of magnetic dipoles induced in each 
particle (Garcia-Martinez et al., 2004; Meerman, 1958). Aggregation of magnetite is 
likely leading to entrapment of rare earth minerals and gangue particularly if the 
natural pH of the system is at or near the pHPZC of the major mineral species  
 
3. Dolime [(Ca, Mg)O] generated during roasting from dolomite decomposition 
undergoes hydration upon contact with water. The hydrated Ca-Mg oxide acts as a 
flocculent and thereby causes heteroflocculation   
 
It is probable that all or some of these factors are at play and to answer some of these 
questions, the natural pH and the zeta potential of the roasted feed at its natural pH was 
measured. The natural pH of roasted ore in milli-Q water was found to be 9.11 at 22.2°C and 
this alkalinity arises from dissolution of Ca-Mg oxide in the feed. Given that the natural pH is 
above the pHPZC of the major minerals present in the feed (magnetite, monazite, and apatite), 
this would imply that particle surfaces are negatively charged and feed should be well 
dispersed in water. The zeta potential of particles in suspension in Milli-Q water was found to 
be -12.0 mV which confirms that particle surfaces are negatively charged, however the 
magnitude of the zeta potential was low. A low zeta potential means that electrostatic 
repulsion between particles in suspension which inhibits flocculation is low (Hanaor et al., 
2012) and hence there is a high tendency for material to aggregate. A high zeta potential is 
favorable as this inhibits flocculation of suspended particles (Hanaor et al., 2012). 
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The low zeta potential of roasted feed suspended in water has risen from a rather unique 
situation; roasting of the ore has resulted in decomposition of dolomite to dolime which being 
a basic oxide undergoes hydration and some dissolution in water releasing hydroxyl anions 
which are the source of alkalinity in the pulp and which also results in in mineral species such 
as magnetite, apatite and monazite attaining a negative surface charge. However conversely, 
the natural pH of the pulp is below the pHPZC of Ca(OH)2 and Mg(OH)2 which are above pH 
12 (Iwasaki et al., 1980) and hence hydrated particles of dolime would be expected to have a 
positive surface charge. The result is that there are electrostatic attractions between negative 
and positively charged particles in the pulp resulting in aggregation and which is supported 
by SEM images presented in Figure 4.13. Aggregation/flocculation can be reduced by 
causing particle surfaces to attain an electrical charge either through pH adjustment or via the 
introduction of adsorbed layers onto the particle surface through the use of dispersants 
(Osseo-Asare, 1984). For this system however, increasing the pH would not be beneficial as 
Ca and Mg ions are known to induce flocculation above pH 10 (Iwasaki et al., 1980). Process 
improvements to improve feed liberation and dispersion, thereby minimising aggregation and 
enhancing the selectivity of magnetic separation for iron over rare earths should be explored 
further in future work.  
 
4.4. Process metallurgical balance  
 
The proposed process flowsheet and overall metallurgical balance for the beneficiation of a 
lateritic rare earth ore via magnetising roasting and magnetic separation to remove Fe is 
presented in Figure 4.14; the major process streams are numbered. As the overall objective of 
the process was to remove Fe (the chief gangue element), recover REO, and track the 
deportment of Nb2O5 (a potential by-product), only these three species are presented in 
Figure 4.14 (for the deportment of all other species across the process, refer to Appendix 5). 
The proposed process involves ore pre-screening to reject low grade material coarser than 
2.36 mm followed by magnetising roasting using coal as a reductant, char separation via 
hindered settling, milling the feed to 95% passing 75 μm and rougher magnetic separation at 
0.4 T, these conditions being best with respect to the obtainable REO grade in the rougher 
tails (Figure 4.7b). Crushed ore and coal are the major inputs into the process representing 
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86.6% and 13.4% by mass respectively; close to 99% of the Fe, REO and Nb2O5 enter the 
process with the crushed ore with the balance entering with the coal. The overall recovery of 
REO to the rougher tails was 15.3% at a grade of 10.4 wt% REO; 71% of the REO reported 
to the rougher magnetic fraction at a grade of 8.8 wt% along with 72% of the Fe and 61% of 
the Nb2O5.  
 
The overall metallurgical balance highlights several important points;  
 
 Fe, REO and Nb2O5 have similar distribution patterns and are therefore closely 
associated with each other throughout the whole process  
 Roasting and magnetic separation has resulted in an enrichment of REO in the 
rougher tails relative to the ore by a factor of 1.4  
 The magnetic separation step represents the single biggest loss of rare earths and 
niobium in the whole process and process improvement with respect to REO recovery 
and grade to the non-magnetic fraction needs to address the shortcomings of this stage 
of the process  
 Microstructural characterisation of the magnetic concentrates showed that REO losses 
to this fraction were due to a combination of insufficient liberation and 
heteroflocculation and to improve REO recovery these issues need to be addressed  
 Additionally, separation factors presented in Table 4.9 showed that selectivity of 
LIMS for Fe worsened with finer grinding which suggests that DTT conditions may 
need to be optimised for finer sized feed to compensate for the loss in selectivity  
 Improving magnetic separation and addressing feed liberation and heteroflocculation 
has the potential to produce REO enriched tails upgraded by a factor of 2.5 relative to 
the ore 
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Figure 4.14: Overall process flowsheet and metallurgical balance for the beneficiation of 
a rare earth bearing lateritic ore for Fe removal via pre-screening, magnetising roasting 
using coal as a reductant followed by char separation, comminution and rougher 
magnetic separation at 0.4 T. 
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4.5. Conclusions  
 
A ferruginous rare earth bearing lateritic ore was subjected to coal-based magnetising 
roasting and magnetic separation with the objective of removing magnetite and producing an 
upgraded rare earth oxide feed. Pre-heating the ore feed and coal for 60 min followed by 
roasting at 650°C for 90 min resulted in complete conversion of goethite and hematite to 
magnetite. After roasting, char was removed via a combination of dry screening and gravity 
separation which resulted in the removal of 93% of the carbon at an overall loss of 1.1% of 
the rare earths. Screen analysis of the roasted feed showed that relative to the unroasted 
material, sintering had taken place as evidenced by a reduction in the amount of fines (-38 
μm). The impacts of sintering are yet to be fully explored but it is believed that fine grinding, 
can mitigate this. Roasted feed was pulverised to varying degrees of fineness (P95 75 μm and 
P97 45 μm) and subjected to rougher magnetic separation at variable magnetic field strength. 
The results obtained suggest that application of a magnetic field strength of at least 0.2 T can 
result in the removal of over 70% of the iron and significant removal of iron from roasted 
feed could be attained with a field strength range of 0.2 – 0.4 T. However, simple grinding 
and magnetic separation was not successful in producing rare earth enriched tails grading at 
least 18 wt% starting from feed grading 9 wt%; the best grade of 10.3 wt% REOT at an 
overall recovery of 15.3% was attained when feed was ground to below 75 μm and subjected 
to magnetic separation at 0.4 T. Significant losses of rare earths to the magnetic concentrates 
occurred and were due to a combination of insufficient liberation of rare earth minerals from 
iron oxide gangue and heteroflocculation of mineral components in the roasted feed. The 
findings suggest that feed liberation and dispersion of the ore prior to WLIMS is critical and 
strategies to improve feed liberation, and feed dispersion to reduce heteroflocculation via 
physico-chemical treatment of roasted feed prior to LIMS should be explored. 
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Chapter 5: 
Conclusions and future work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A summary of the work conducted in this thesis and the key findings have been provided. A 
brief summary of future work that can be conducted as a result of this work is also entailed.    
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5.1. Conclusions  
 
A goethitic rare earth bearing lateritic ore was characterised to determine the mode of 
occurrence and distribution of rare earths and gangue in the ore and their impacts with respect 
to minerals processing. The ore was enriched with rare earths with the grade being 7.65 wt% 
REOT and monazite was the primary rare earth bearing mineral; iron was the chief gangue 
element and goethite was the primary gangue mineral accounting for more than half by 
weight of the ore. The ore was friable and consisted predominantly of fine (-38 μm) and ultra-
fine particles (-10 μm) with the rare earths and iron concentrating in the finer size fractions 
with  close to 30% of the rare earths occurring in the -10 µm fraction alone. The textural 
characteristics and grain size distribution of rare earth minerals was such that monazite and 
florencite were of very fine grain size and disseminated in gangue and very fine grinding 
would likely be necessary to achieve sufficient liberation prior to processing. As iron was the 
major gangue element in the ore, its removal represented the best opportunity for upgrading 
rare earth content. Conventional beneficiation routes (HIMS, froth flotation) may not be 
suitable to remove iron (present as goethite and hematite) or concentrate the rare earths. 
Pyrometallurgical processes such as magnetising roasting, direct reduction and smelting offer 
promise, and of the three, magnetising roasting could theoretically be readily integrated with 
existing mineral processing operations and hence was pursued further.    
 
The factors influencing goethite to magnetite conversion during magnetising roasting of a 
goethitic rare earth ore using sub-bituminous coal as a reductant was investigated. The 
influence of temperature, time, reductant addition and coal particle size on magnetite 
formation and the accompanying chemical and mineralogical changes after roasting were 
studied. Roasting temperature and coal addition were found to have the greatest influence on 
goethite reduction to magnetite with the relationship between these two variables being 
inversely related; higher temperatures required less coal for goethite reduction to magnetite. 
Coal particle size was found to have little to no influence on goethite reduction within the 
range of coal particle sizes studied. Despite the reduced coal requirement at temperatures 
above 650°C, the propensity for magnetite to undergo further reduction to form wüstite was 
enhanced and this was undesirable in the context of magnetising roasting as wüstite is 
paramagnetic rather than ferromagnetic. Optimal roasting conditions for the ore were found 
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to be a temperature range of 600 - 650°C with a coal addition equivalent to 10 - 20 wt% in 
the mixture at a roasting time of 90 min. The chief rare earth mineral in the ore, monazite, 
was found to be thermally stable at all roasting conditions explored and did not undergo 
decomposition. Florencite however appeared to have undergone thermal decomposition 
during roasting and this was accompanied by a general increase in monazite content of the 
roasted ore. The thermal stability of monazite during magnetising roasting was beneficial as 
this would enable targeted recovery of this mineral from the rare earth enriched tails after 
magnetite separation.  
            
Bulk magnetic roasting of the ore feed under optimal conditions was carried out to generate 
reduced ore for magnetic separation with the objective of removing magnetite and producing 
an upgraded rare earth oxide feed. Ore feed and coal were pre-heated for 60 min followed by 
roasting at 650°C for 90 min which resulted in complete conversion of goethite and hematite 
to magnetite. Char was removed after roasting as its presence was deemed potentially 
detrimental in downstream processing and this was carried out via a combination of dry 
screening and gravity separation which resulted in close to 93% removal of the carbon at an 
overall loss of only 1.1% of the rare earths. Characterisation of the roasted ore showed that 
relative to the unroasted material, there was a reduction in the amount of fines and sintering 
had taken place. The influence of magnetic field strength and feed top size (P95 75 μm and P97 
45 μm) on iron removal from roasted feed to produce a rare earth enriched tails was explored 
through rougher magnetic separation tests using a Davis Tube Tester. The results suggested 
that magnetic separation at field strength at or above 0.2 T could result in the removal of over 
70% of the iron; however this was accompanied by significant losses of up to 80% of the rare 
earths to the magnetic fraction. Losses of rare earths to the magnetic concentrates occurred 
due to a combination of insufficient liberation of rare earth minerals from iron oxide gangue 
and heteroflocculation of mineral components in the roasted feed. Strategies to improve rare 
earth mineral liberation and feed dispersion prior to LIMS should be considered in order to 
address the economic viability of the process of magnetising roasting-magnetic separation for 
the beneficiation of rare earth ores enriched in iron oxides of low magnetic susceptibility.  
 
 
  Chapter 5 
172 
 
5.2. Future work 
 
Several areas that merit research attention have been identified through the work contained in 
this thesis. Future research should embrace the following investigations. 
 
 The influence of dispersant addition and type on the zeta potential of roasted ore and 
subsequent iron removal by LIMS would provide knowledge on the effect of surface 
charge on mineral particle surfaces during magnetic separation.  
 
 The effects of roasting temperature and the degree of goethite to magnetite conversion 
on particle size distribution of the ore after magnetising roasting, and its impacts on 
rare earth mineral liberation before and after comminution warrants investigation to 
gain a fundamental understanding into how thermochemical pre-treatment alters the 
microstructure of mineral components in the ore and the downstream implications. 
   
 The deportment of minor species of economic and environmental interest during 
magnetising roasting and magnetic separation should be investigated to identify 
streams containing significant quantities of these elements of interest and therefore 
any opportunities for either recovery of potential by-products or for environmental 
monitoring purposes.  
 
  The influence of ore mineralogy, geology and to a lesser extent, reductant type on 
magnetising roasting and magnetic separation should be evaluated to determine the 
robustness or sensitivity of the proposed process to changes in ore mineralogy and 
feed grade. 
 
 Finally, a techno-economic assessment (TEA) of magnetising roasting and magnetic 
separation as a means to beneficiate rare earth ores in which iron is the chief gangue 
element should be conducted to determine the economic viability of such an approach 
versus conventional mineral beneficiation routes.     
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Appendix 1. Rare earth mineral liberation by class and rare earth mineral grain size distribution   
 
Table 6.1: Percentage by mass of RE-minerals in each liberation class as a function of sieve size range (mm). 
Liberation class %REM liberated 
Mass% 
-5 +2.36 -2.36 +1.18 -1.18 +0.6 -0.6 +3 -0.3 +0.106 -0.106 +0.053  -0.053 +0.038  -0.038 +0.010 
Locked  0< x ≤50% 100.00 47.81 32.41 29.62 22.33 46.25 44.76 24.55 
Middling  50 < x ≤80% 0.00 15.57 14.20 15.20 13.52 15.68 13.28 13.44 
Liberated 80 < x <100% 0.00 36.62 53.00 54.53 57.43 37.67 40.66 52.77 
Free 100% 0.00 0.00 0.39 0.65 6.71 0.41 1.30 9.25 
SUM 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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Table 6.2: Rare earth mineral grain size distribution. 
 
Min. Size 
(μm) 
Max. Size 
(μm) 
Mean Size 
(μm) 
Mass% in Interval   Mass% 
Finer 
0 1 0.5 0.00 0.00 
1 1.5 1.25 3.58 3.58 
1.5 2 1.75 0.23 3.81 
2 3 2.5 5.88 9.69 
3 4 3.5 1.92 11.61 
4 6 5 6.31 17.92 
6 8 7 6.36 24.28 
8 11 9.5 10.14 34.42 
11 16 13.5 15.46 49.88 
16 22.5 19.25 8.01 57.89 
22.5 32 27.25 8.37 66.26 
32 45 38.5 7.22 73.49 
45 64 54.5 6.10 79.59 
64 90 77 3.80 83.39 
90 128 109 4.94 88.33 
128 180 154 4.54 92.88 
180 256 218 2.03 94.90 
256 360 308 4.18 99.08 
360 512 436 0.92 100.00 
512 750 631 0.00 100.00 
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Appendix 2. QEMSCAN classified field images of particles in the sieve size fractions 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: QEMSCAN classified images showing some rare earth minerals in the sieve 
size fractions of the ore; (a) -0.6 +0.3 mm and (b) -0.038 +0.010 mm. 
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Appendix 3: Powder XRD patterns of ore roasted at 700°C 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: XRD patterns of the ore roasted for 30 - 120 min in the presence of 5 wt% coal at 700°C. Only main peaks have been labeled. 
Key to abbreviations used: Ap (apatite, F bearing), Dol (dolomite), Cal (calcite), Hem (hematite), Ilm (ilmenite), Mag (magnetite), Mnz 
(monazite-Ce), Qtz (quartz), Wus (wüstite). (NB: Copper K-alpha radiation source) 
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Figure 6.3: XRD patterns of ore roasted at 700°C for 90 min with coal addition varied. Only major peaks have been labeled. Key to 
abbreviations used: Ap (apatite, F bearing), Dol (dolomite), Cal (calcite), Fa (fayalite), Hem (hematite), Ilm (ilmenite), Mag (magnetite), 
Mnz (monazite-Ce), Spl (spinel), Qtz (quartz), Wus (wüstite). (NB: Copper K-alpha radiation source) 
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Appendix 4: Powder XRD patterns of magnetic and non-magnetic fractions obtained 
from Davis tube tesing of P97 45 μm feed  
 
 
 
Figure 6.4: XRD patterns of magnetic concentrates obtained from magnetic separation 
(single pass) of feed ground to 97% passing 45 μm; field intensity varied. Only major 
peaks have been labelled. Key to abbreviations used: Ap (apatite, F bearing), Mag 
(magnetite), Mnz (monazite-Ce). (NB: Copper K-alpha radiation source) 
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Figure 6.5: XRD patterns of non-magnetic tails obtained from magnetic separation 
(single pass) of feed ground to 97% passing 45 μm; field intensity varied. Key to 
abbreviations used: Ap (apatite, F bearing), Ilm (ilmenite), Mag (magnetite), mca 
(mica), Mnz (monazite-Ce), Qtz (quartz). (NB: Copper K-alpha radiation source) 
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Appendix 5: Metallurgical balance for all major species across the magnetising roasting-magnetic separation process  
 
 
Table 6.3: Overall metallurgical balance for rare earth and gangue species during the beneficiation of a rare earth bearing lateritic ore 
via pre-screening, magnetising roasting using coal as a reductant followed by char separation, comminution and rougher magnetic 
separation at 0.4 T. 
 
 
  
Al2O3 CaO TFe MgO Mn Nb2O5 P2O5 SiO2 TiO2 REOT 
Stream ID mass % A R A R A R A R A R A R A R A R A R A R 
1. Crushed ore  86.6 3.7 91.3 7.4 98.3 31.9 98.8 2.1 97.4 2.2 98.6 0.36 98.8 7.4 98.8 6.2 93.5 2.4 98.0 7.4 98.9 
2. +2.36 mm rejects 10.8 2.2 6.9 16.2 27.0 20.5 7.9 4.2 24.2 3.2 17.7 0.23 7.8 9.7 16.1 7.1 13.5 1.4 7.0 4.8 8.0 
3. -2.36 mm roaster feed 75.8 3.9 84.7 6.0 70.1 33.6 91.1 1.8 74.0 2.1 82.4 0.37 88.4 7.1 83.0 6.1 81.3 2.5 88.3 8.0 93.3 
4. -6.68 +2.36 mm coal  13.4 2.3 8.7 0.8 1.7 2.4 1.2 0.4 2.6 0.20 1.4 0.03 1.2 0.6 1.2 2.8 6.5 0.3 2.0 0.5 1.1 
5. +2.36 mm char 5.9 2.3 3.9 0.4 0.4 0.5 0.1 0.08 0.3 0.02 0.06 0.01 0.1 0.2 0.2 2.3 2.3 0.2 0.5 0.1 0.05 
6. -2.36 +1.7 mm char 1.9 2.1 1.1 1.0 0.3 3.0 0.2 0.5 0.5 0.3 0.3 0.03 0.2 0.7 0.2 2.4 0.8 0.3 0.2 0.5 0.1 
7. -1.7 +1.17 mm tails 1.0 6.1 1.8 9.2 1.5 27.7 1.0 3.6 2.0 2.9 1.6 0.30 1.0 6.9 1.1 11.1 2.0 1.9 0.9 6.0 1.0 
8. -2.36 mm roasted ore 61.9 4.3 76.4 7.3 70.0 36.1 80.0 2.0 64.7 2.4 77.6 0.39 74.9 8.4 80.2 6.6 71.1 3.2 90.9 9.1 87.0 
9. Rougher mags 52.3 4.3 65.1 5.9 47.7 38.2 71.5 1.7 47.4 2.4 64.7 0.37 61.0 7.5 60.5 6.3 57.1 2.9 69.4 8.8 70.7 
10. Rougher tails 9.7 4.1 11.6 11.2 16.7 26.4 9.1 2.4 12.0 2.6 13.2 0.47 14.3 10.4 15.5 8.1 13.7 4.3 19.1 10.3 15.3 
 
 
A – Concentration or grade (wt%) 
 
R – Recovery or distribution (%)   
 
REOT = [CeO2 + La2O3 + Pr6O11 + Nd2O3 + Sm2O3] x 1.023 
